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SEMICONDUCTOR DEVICE INCLUDING
MEMORY CELL

This application 1s based on Japanese Patent Application
No. 2010-247996 and Japanese Patent Application No. 2010-

247995 filed 1n the Japanese Patent Office on Nov. 35, 2010.

TECHNICAL FIELD

One embodiment of the present invention relates to semi-
conductor devices and semiconductor memory devices.

BACKGROUND ART

In recent years, semiconductor devices each including a
memory circuit in which data can be written and erased and
the data can be retained for a certain period without supply of
power have been developed.

As the semiconductor device, for example, there 1s a semi-
conductor device including a memory circuit provided with a
transistor (also referred to as a memory transistor) that 1s a
memory element (Tor example, see Reference 1).

In a semiconductor device disclosed 1n Reference 1, a
memory transistor includes a control gate electrode, a channel
formation layer, and a floating gate electrode provided
between the control gate electrode and the channel formation
layer. By accumulation of electrical charge to be data in the
floating gate electrode, data 1s written to the memory transis-
tor.

REFERENC.

(Ll

Retference 1: Japanese Published Patent Application No.
57-105889

DISCLOSURE OF INVENTION

A conventional semiconductor device as disclosed 1n Ret-
erence 1 has a problem 1n that data i1s lost by leakage of
clectrical charge after the data 1s written to a memory transis-
tor. In a semiconductor device capable of storing data, a data
retention period 1s preferably longer.

In addition, the conventional semiconductor device has a
problem 1n that power consumption 1s high because voltage
necessary for operation 1s high and that a memory element
deteriorates by voltage applied.

Further, the conventional semiconductor device has a prob-
lem 1n that data cannot be written to a memory element after
data 1s repeatedly written because tunnel current 1s generated
in a memory transistor at the time of writing data and the
memory element deteriorates.

It 1s an object of one embodiment of the present invention
to lengthen a data retention period in a semiconductor device
or a semiconductor memory device. It 1s an object of one
embodiment of the present invention to reduce power con-
sumption. It 1s an object of one embodiment of the present
invention to increase the number of times of writing of data to
a memory element.

One embodiment of the present invention includes a
memory circuit including a selection transistor and an output
transistor. The selection transistor includes a first gate and a
second gate. The threshold voltage of the selection transistor
1s adjusted as necessary by the voltage of the first gate and the
voltage of the second gate, and current flowing between a
source and a drain of the selection transistor 1s reduced as
much as possible when the selection transistor 1s off so that a
data retention period 1n the memory circuit 1s lengthened.
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2

In one embodiment of the present invention, a channel
formation layer of the output transistor and a layer serving as
a gate of the selection transistor are formed using the same
maternial. Thus, the channel formation layer of the output
transistor and the layer serving as the gate of the selection
transistor can be formed in the same step, so that the increase
in the number of manufacturing steps 1s suppressed.

One embodiment of the present invention 1s a semiconduc-
tor memory device that includes a plurality of memory cells
cach including a first transistor having a first gate and a
second gate and a second transistor arranged in I rows (I 1s a
natural number of 2 or more) and J columns (J 1s a natural
number). Each of the plurality of memory cells includes a first
layer that includes a pair of impurity regions containing an
impurity element imparting conductivity and serves as a
channel formation layer of the second transistor; a second
layer that 1s formed using the same material and at the same
time as the first layer, 1s apart from the first layer, contains an
impurity element, and serves as the second gate of the first
transistor; a first insulating layer that 1s provided over the first
layer and the second layer and serves as a gate insulating layer
of the second transistor; a first conductive layer that overlaps
with the first layer with the first isulating layer provided
therebetween and serves as a gate of the second transistor; a
semiconductor layer that overlaps with the second layer with
the first insulating layer provided therebetween, 1s formed
using a material which 1s different from the material of the
first layer, and serves as a channel formation layer of the first
transistor; a second conductive layer that 1s electrically con-
nected to the semiconductor layer and serves as one of a
source and a drain of the first transistor; a third conductive
layer that 1s electrically connected to the first conductive layer
and the semiconductor layer and serves as the other of the
source and the drain of the first transistor; a second insulating
layer that 1s provided over the semiconductor layer, the sec-
ond conductive layer, and the third conductive layer and
serves as a gate insulating layer of the first transistor; a fourth
conductive layer that overlaps with the semiconductor layer
with the second insulating layer provided therebetween and
serves as the first gate of the first transistor; a third insulating,
layer provided over the second insulating layer and the fourth
conductive layer; and a fifth conductive layer that is electri-
cally connected to one of the pair of impurity regions in the
first layer through a first opening penetrating the first to third
isulating layers and is electrically connected to the third
conductive layer through a second opening penetrating the
second and third msulating layers.

One embodiment of the present invention 1s a semiconduc-
tor memory device that includes a plurality of memory cells
cach including a first transistor having a first gate and a
second gate and a second transistor arranged in I rows (I 1s a
natural number of 2 or more) and J columns (J 1s a natural
number). Each of the plurality of memory cells includes a first
layer that includes a pair of impurity regions containing an
impurity element imparting conductivity and serves as a
channel formation layer of the second transistor; a second
layer that 1s formed using the same material and at the same
time as the first layer, 1s apart from the first layer, contains an
impurity element, and serves as the second gate of the first
transistor; a first insulating layer that 1s provided over the first
layer and the second layer and serves as a gate insulating layer
of the second transistor; a first conductive layer that overlaps
with the first layer with the first isulating layer provided
therebetween and serves as a gate of the second transistor; a
semiconductor layer that overlaps with the second layer with
the first msulating layer provided therebetween, 1s formed
using a material which 1s different from the material of the
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first layer, and serves as a channel formation layer of the first
transistor; a second conductive layer that 1s electrically con-

nected to the semiconductor layer and serves as one of a
source and a drain of the first transistor; a third conductive
layer that1s electrically connected to the first conductive layer
and the semiconductor layer and serves as the other of the
source and the drain of the first transistor; a second 1nsulating
layer that 1s provided over the semiconductor layer, the sec-
ond conductive layer, and the third conductive layer and
serves as a gate insulating layer of the first transistor; a fourth
conductive layer that overlaps with the semiconductor layer
with the second insulating layer provided therebetween and
serves as the first gate of the first transistor; and a fourth
isulating layer provided over the third msulating layer and
the fourth conductive layer. In the memory cells arranged in
the same column, the first layers are formed using the same
layer.

According to one embodiment of the present invention, a
data retention period 1n a semiconductor device or a semicon-
ductor memory device can be lengthened. Further, according
to one embodiment of the present invention, the increase in
the number of manufacturing steps can be suppressed.

BRIEF DESCRIPTION OF DRAWINGS

In the accompanying drawings:

FIGS. 1A to 1C 1illustrate an example of an explanation of
a memory circuit 1n a semiconductor device in Embodiment
1

FIGS. 2A and 2B illustrate an example of an explanation of
a memory cell array 1n a semiconductor memory device 1n
Embodiment 2;

FIGS. 3A and 3B illustrate a structure example of a
memory cell 1n the semiconductor memory device in
Embodiment 2;

FIGS. 4A to 4D are cross-sectional views illustrating an
example of a method for manufacturing the memory cell 1n
FIGS. 3A and 3B;

FIGS. 5A to 5D are cross-sectional views 1llustrating the
example of a method for manufacturing the memory cell 1n
FIGS. 3A and 3B;

FIGS. 6 A to 6C are cross-sectional views illustrating the
example of a method for manufacturing the memory cell 1n
FIGS. 3A and 3B;

FIGS. 7A to 7C are cross-sectional views 1llustrating the
example of a method for manufacturing the memory cell 1n
FIGS. 3A and 3B;

FIGS. 8 A and 8B illustrate an example of an explanation of
a memory cell array 1n a semiconductor memory device 1n
Embodiment 3;

FIGS. 9A and 9B illustrate a structure example of a
memory cell 1in the semiconductor memory device in
Embodiment 3;

FIGS. 10A to 10D are cross-sectional views 1llustrating an
example of a method for manufacturing the memory cell 1n
FIGS. 9A and 9B;

FIGS.11A to 11C are cross-sectional views 1llustrating the
example of a method for manufacturing the memory cell 1n
FIGS. 9A and 9B;

FIGS.12A to 12C are cross-sectional views illustrating the
example of a method for manufacturing the memory cell 1n
FIGS. 9A and 9B;

FIGS. 13 A to 13C are cross-sectional views illustrating the
example of a method for manufacturing the memory cell 1n
FIGS. 9A and 9B;

FI1G. 14 1s a circuit diagram illustrating a structure example
of a gate line driver circuit in Embodiment 4;
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4

FIG. 15 1s a block diagram 1illustrating a structure example
of a semiconductor memory device in Embodiment 5; and

FIGS. 16 A to 16D 1llustrate examples of electronic devices
Embodiment 6.

1n

BEST MODE FOR CARRYING OUT TH
INVENTION

(L.

Examples of embodiments of the present invention will be
described below with reference to the drawings. Note that 1t
will be readily appreciated by those skilled 1n the art that
details of the embodiments can be modified 1n various ways
without departing from the spirit and scope of the present
invention. The present invention 1s therefore not limited to the
following description of the embodiments.

Note that the details of the embodiments can be combined
with each other as appropriate. In addition, the details of the
embodiments can be replaced with each other.

Ordinal numbers such as “first” and “second’ are used 1n
order to avoid confusion among components; however, the
number of components 1s not limited by the number of ordinal
numbers.

Embodiment 1

In this embodiment, an example of a semiconductor device
that includes a memory circuit capable of storing data for a
certain period 1s described.

Note that a memory circuit 1s a circuit capable of storing
clectrical charge to be data for a certain period.

The example of the semiconductor device 1n this embodi-
ment 1ncludes a memory circuit.

An example of the memory circuit 1s described with refer-
ence to FIGS. 1A to 1C.

First, a structure example of the memory circuit in the
semiconductor device 1n this embodiment 1s described with
reference to FIG. 1A.

The memory circuit 1llustrated in FIG. 1A 1ncludes a tran-
sistor 111 and a transistor 112.

Note that in the semiconductor device, the transistor
includes two terminals and a current control terminal for
controlling current flowing between the two terminals by
voltage applied. Note that without limitation to the transistor,
in an element, terminals where current flowing therebetween
1s controlled are also referred to as current terminals. Two
current terminals are also referred to as a first current terminal
and a second current terminal.

Further, 1in the semiconductor device, a field-effect transis-
tor can be used as the transistor, for example. In a field-effect
transistor, a first current terminal, a second current terminal,
and a current control terminal are one of a source and a drain,
the other of the source and the drain, and a gate, respectively.

The term “voltage™ generally means a difference between
potentials at two points (also referred to as a potential ditfer-
ence). However, levels of voltage and potentials are repre-
sented by volts (V) 1n a circuit diagram or the like in some
cases, so that it 1s difficult to distinguish them. Thus, 1n this
specification, a potential difference between a potential at one
point and a potential to be a reference (also referred to as a
reference potential) 1s used as voltage at the point 1n some
cases unless otherwise specified.

The transistor 111 includes a source, a drain, a first gate,
and a second gate. The threshold voltage (also referred to as
voltage Vth) of the transistor 111 is controlled by the voltage
of the first gate or the second gate. For example, 1n the case
where the transistor 111 1s an n-channel transistor, the thresh-
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old voltage of the transistor 111 1s shifted positively as the
voltage of the second gate of the transistor 111 becomes
lower.

The transistor 111 serves as a selection transistor for select-
ing whether data 1s input to the memory circuait.

As the transistor 111, a transistor including an oxide semi-
conductor layer 1n which a channel 1s formed can be used, for
example. The oxide semiconductor layer has a wider bandgap
than silicon and 1s an mtrinsic (i-type) or substantially intrin-
sic semiconductor layer 1n which the number of carriers 1s
extremely small and the carrier concentration 1s lower than
1x10'*/cm?, preferably lower than 1x10'*/cm>, more prefer-
ably lower than 1x10"'/cm”.

The off-state current per micrometer of channel width of
the transistor including an oxide semiconductor layer 1s lower
than or equal to 10 aA (1x10™'" A), preferably lower than or
equal to 1 aA (1x10™" A), more preferably lower than or
equal to 10 zA (1x1072" A), much more preferably lower than
orequal to 1 zA (1x1072' A), still more preferably lower than
or equal to 100 yA (1x107>* A).

Since the oxide semiconductor layer has low carrier con-
centration, the off-state current of the transistor including an
oxide semiconductor layer 1s low even when temperature
changes. For example, even when the temperature of the
transistor 1s 150° C., the off-state current per micrometer of
channel width of the transistor can be 100 zA.

As the oxide semiconductor layer, for example, an oxide
semiconductor layer containing crystals aligned perpendicu-
lar to a surface of the layer (crystals with c-axis alignment)
can be used. For example, an oxide semiconductor film 1s
deposited while the temperature of a substrate 1s set higher
than or equal to 100° C. and lower than or equal to 500° C.,
and then the oxide semiconductor film 1s subjected to heat
treatment, so that an oxide semiconductor layer containing,
crystals aligned perpendicular to a surface of the layer can be
formed. Alternatively, the oxide semiconductor layer may be
a stack of a plurality of oxide semiconductor layers. With the
use of the oxide semiconductor layer containing crystals
aligned perpendicular to the surface of the layer, a change 1n
clectrical characteristics of a transistor due to light can be
suppressed, for example.

A gate ol the transistor 112 1s connected to the source or the
drain of the transistor 111.

Note that 1n this specification, when two or more compo-
nents are electrically connected to each other, the two ormore
components can be regarded as being connected to each other.

As the transistor 112, for example, it 1s possible to use a
transistor including a semiconductor layer in which a channel
1s formed and a semiconductor that belongs to Group 14 1n the
periodic table (e.g., silicon) 1s contained.

Next, an example of a method for driving the memory
circuit in FIG. 1A 1s described.

Inthe case where data 1s written to the memory circuit, first,
the transistor 111 1s turned on. For example, when the levels
of the voltages of the first gate and the second gate of the
transistor 111 are set to predetermined levels, the transistor
111 can be turned on.

When the transistor 111 1s on, a data signal 1s input to the
gate of the transistor 112 through the source and the drain of
the transistor 111, and the voltage of the gate of the transistor
112 has a level that 1s similar to the level of the voltage of the
data signal input.

Then, the transistor 111 1s turned off. At this time, the
amount of current flowing between the source and the drain of
the transistor 111 1s preferably as small as possible. Thus, the
level of the voltage of the second gate of the transistor 111 1s
set to a predetermined level so that the threshold voltage of the
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6

transistor 111 1s adjusted, and the amount of current flowing
between the source and the drain of the transistor 111 at the
time when the transistor 111 1s off 1s reduced as much as
possible.

An example of how the threshold voltage of the transistor
111 1s adjusted 1s described with reference to FI1G. 1B.

As 1llustrated in FIG. 1B, for example, when the voltage of
the second gate of the transistor 111 has a level that 1s similar
to the level of a ground potential GND, the relation between
voltage (also referred to as voltage Vgs) applied between the
first gate and the source of the transistor 111 and current (also
referred to as current Id) flowing between the source and the
drain of the transistor 111 1s represented by a curve 130. At
this time, the threshold voltage of the transistor 111 1s voltage
Vih_A.

On the other hand, when the voltage of the second gate of
the transistor 111 1s voltage VA having a predetermined level,
the relation between the voltage Vgs and the current Id can be
represented by a curve 131. At this time, the threshold voltage
of the transistor 111 1s voltage Vth_B that 1s higher than the
voltage Vth_A 1n a positive direction.

As described above, by adjustment of the voltage of the
second gate of the transistor 111, the threshold voltage of the
transistor 111 can be adjusted.

In addition, resistance between a source and a drain of the
transistor 112 depends on the voltage of the gate of the tran-
sistor 112. Thus, when the voltage of one of the source and the
drain of the transistor 112 1s voltage VB having a predeter-
mined level, the voltage of the other of the source and the
drain of the transistor 112 that 1s set in accordance with
current flowing between the source and the drain of the tran-
sistor 112 can be read from the memory circuit as data.
Further, the voltage of the other of the source and the drain of
the transistor 112 can be read from the memory circuit as data
more than once.

A structure example of the memory circuit illustrated 1n
FIG. 1A 1s described with reference to FIG. 1C. FIG. 1C1s a
schematic diagram illustrating a structure example of the
memory circuit illustrated i FIG. 1A. Note that although
FIG. 1C 1llustrates the case where the output transistor 1s a
top-gate transistor, this embodiment 1s not limited to this. The
output transistor may be a bottom-gate transistor.

The memory circuit illustrated 1n FIG. 1C includes a semi-
conductor layer 152a, a semiconductor layer 1525, an 1nsu-
lating layer 153, a conductive layer 154, an 1nsulating layer
155, a conductive layer 157a, a conductive layer 1575, an
insulating layer 158, and a conductive layer 1359. Note that the
insulating layer 155 1s not necessarily provided.

Each of the semiconductor layers 152a and 1525 1s formed
over one surface of a substrate 150 with an nsulating layer
151 provided therebetween.

As the substrate 150, a glass substrate, a quartz substrate, a
semiconductor substrate, or a plastic substrate can be used,
for example.

As the insulating layer 151, a silicon oxide layer, a silicon
nitride layer, a silicon oxynitride layer, a silicon nitride oxide
layer, an aluminum oxide layer, an aluminum nitride layer, an
aluminum oxynitride layer, an aluminum nitride oxide layer,
or a halmium oxide layer can be used, for example. The
insulating layer 151 can be a stack of layers formed using
materials that can be used for the msulating layer 151.

Note that the insulating layer 151 can have a function of
preventing diffusion of an impurity element from the sub-
strate 150.

The semiconductor layer 152a has a pair of impurity
regions each containing an impurity element. The semicon-
ductor layer 1524 has a channel formation region between the
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pair of impurity regions and serves as a layer in which a
channel 1s formed (such a layer 1s also referred to as a channel
formation layer) 1n a transistor serving as the output transistor
in the memory circuit. As the impurity element, an impurity
clement imparting n-type conductivity or an impurity ele-
ment 1mparting p-type conductivity can be used. Alterna-
tively, a plurality of impurity regions with different concen-
trations of 1mpurity elements may be provided in the
semiconductor layer 152q. In that case, a region 1n which the
concentration ol impurity elements 1s relatively low 1s
referred to as a low-concentration impurity region. The pro-
vision of the low-concentration impurity region can suppress
the local concentration of an electric field.

As the semiconductor layer 152a, a layer containing an
amorphous semiconductor, a microcrystalline semiconduc-
tor, a polycrystalline semiconductor, or a single crystal semi-
conductor can be used, for example. As the semiconductor
layer 152a, a semiconductor layer containing a semiconduc-
tor that belongs to Group 14 1n the periodic table (e.g., silicon)
can be used, for example.

The semiconductor layer 1525 contains an impurity ele-
ment. As the impurity element, an impurity element impart-
ing n-type conductivity or an impurity element imparting
p-type conductivity can be used. The semiconductor layer
1525 serves as a second gate of a transistor that serves as a
selection transistor in the memory circuit.

Note that a conductive layer serving as a second gate of the
transistor 1s also referred to as a second gate electrode or a
second gate line.

As the semiconductor layer 1525, a layer formed using the
same material as the semiconductor layer 152a can be used.
For example, a semiconductor layer formed using a material
which can be used for the semiconductor layer 152a and the
semiconductor layer 1525 1s formed over the insulating layer
151. In addition, by etching of part of the semiconductor
layer, a semiconductor layer to be the semiconductor layer
152a and a semiconductor layer to be the semiconductor layer
1525 are formed. Further, by addition of impurity elements to
part of the semiconductor layer to be the semiconductor layer
152a and the semiconductor layer to be the semiconductor
layer 1525, the semiconductor layer 1524 and the semicon-
ductor layer 15256 can be formed using the same film 1n the
same step. Note that the semiconductor layer 1525 contains
impurity elements imparting conductivity such that i1t can
serve as a conductive layer and thus can be regarded as a
conductive layer.

The msulating layer 153 1s provided over the semiconduc-
tor layer 152a and the semiconductor layer 1525.

The insulating layer 133 serves as a gate insulating layer of
a transistor that serves as the output transistor in the memory
circuit.

As the insulating layer 153, a layer formed using a material
which can be used for the insulating layer 151, an organic
insulating material such as polyimide or acrylic, or the like
can be used, for example. Alternatively, the insulating layer
153 may be a stack of layers formed using materials that can
be used for the insulating layer 153.

Note that in the case where a semiconductor substrate 1s
used as the substrate 150, the insulating layer 151, the semi-
conductor layer 1524, and the semiconductor layer 1525 are
not provided and a semiconductor substrate including a first
semiconductor region corresponding to the semiconductor
layer 152a and a second semiconductor region corresponding
to the semiconductor layer 1525 that are insulated from each
other 1s used, and the mmsulating layer 153 may be formed over
the first semiconductor region and the second semiconductor
region.
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The conductive layer 154 overlaps with the semiconductor
layer 152a (including the channel formation region (the
region between the pair of impurity regions)) with the 1nsu-
lating layer 153 provided therebetween.

The conductive layer 154 serves as a gate of the transistor
that serves as the output transistor in the memory circuit. Note
that such a conductive layer serving as a gate of the transistor
1s also referred to as a gate electrode or a gate line.

The conductive layer 154 can be, for example, a layer
formed using a metal material such as molybdenum, titanium,
chromium, tantalum, tungsten, aluminum, copper, neody-
mium, or scandium. Alternatively, the conductive layer 154
can be a stack of layers formed using materials that can be
used for the conductive layer 154.

The msulating layer 155 1s provided over the insulating
layer 153. With provision of the insulating layer 155, for
example, an uneven portion due to the conductive layer 154
can be flattened and formation of a layer 1n an upper portion
1s facilitated.

As the msulating layer 155, a layer formed using a material
that can be used for the isulating layer 151 can be used, for
example. Alternatively, the mnsulating layer 155 may be a
stack of layers formed using materials that can be used for the
insulating layer 155.

A semiconductor layer 156 overlaps with the semiconduc-
tor layer 1525 with the insulating layer 153 and the insulating
layer 155 provided therebetween.

The semiconductor layer 156 serves as a channel formation
layer of the transistor that serves as the selection transistor 1n
the memory circuit.

For the semiconductor layer 156, an In-based oxide, a
Sn-based oxide, a Zn-based oxide, or the like can be used, for
example. As the metal oxide, a four-component metal oxide,
a three-component metal oxide, a two-component metal
oxide, or the like can be used, for example. Note that a metal
oxide which can be used as the oxide semiconductor may
include gallium as a stabilizer for reducing variation 1n char-
acteristics. A metal oxide which can be used as the oxide
semiconductor may include tin as a stabilizer. The metal
oxide which can be used as the oxide semiconductor may
include hatnium as the stabilizer. The metal oxide which can
be used as the oxide semiconductor may include aluminum as
the stabilizer. The metal oxide which can be used as the oxide
semiconductor may include one or more of the following as
the stabilizer: lanthanum, cerium, praseodymium, neody-
mium, samarium, europium, gadolinium, terbium, dyspro-
sium, holmium, erbium, thulium, ytterbium, and lutetium,
which are lanthanoid. The metal oxide which can be used as
the oxide semiconductor may include silicon oxide. For
example, as the four-component metal oxide, an In—Sn—
(Ga—Z7Zn-based oxide, an In—Ht—Ga—Z7n-based oxide, an
In—Al—Ga—Z7n-based oxide, an In—Sn—Al—Z7n-based
oxide, an In—Sn—HI—Z7n-based oxide, an In—Hf—Al—
/n-based oxide, or the like can be used. For example, as the
three-component metal oxide, an In—Ga—Zn-based oxide
(also referred to as IGZ0), an In—Sn—Z7n-based oxide (also
referred to as ITZ0O), an In—Al—Zn-based oxide, Sn—Ga—
/n-based oxide, an Al—Ga—Z7Zn-based oxide, a Sn—Al—
/n-based oxide, an In—Hf—~7n-based oxide, an In—La—
/n-based oxide, an In—Ce—Z7n-based oxide, an In—Pr—
/n-based oxide, an In—Nd—Zn-based oxide, an In—Sm—
/n-based oxide, an In—Fu—Z/n-based oxide, an In—Gd—
/n-based oxide, an In—Tb—7n-based oxide, an In—Dy—
/n-based oxide, an In—Ho—Z7n-based oxide, an In—Fr—
/n-based oxide, an In—Tm—/n-based oxide, an In—
/n-based oxide, an In—Lu—~7n-based oxide, or the like can
be used. For example, as the two-component metal oxide, an
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In—Z7n-based oxide (also referred to as 1Z0), a Sn—7n-
based oxide, an Al—Zn-based oxide, a Zn—Mg-based oxide,
a Sn—Mg-based oxide, an In—Mg-based oxide, an In—Sn-
based oxide, an In—Ga-based oxide, or the like can be used.

In the case where an In—7/n—0-based metal oxide 1s used,
for example, an oxide target having the following composi-
tion ratios can be used for formation of an In—Z7n—0O-based
metal oxide semiconductor layer: In:Zn=50:1 to 1:2 (In,O;:
/n0=25:1 to 1:4 1n a molar ratio), preferably In:Zn=20:1 to
1:1 (In,O4:Zn0=10:1 to 1:2 1n amolarratio), more preferably
In:Zn=15:1t0 1.5:1 (In,0,:Zn0O=135:2 to 3:4 in amolar ratio).
For example, when the atomic ratio of the target used for the

formation of the In—7n—O-based oxide semiconductor 1s
expressed by In:Zn:0—P:Q:R, R>1.5P+(Q). The increase 1n

the In content makes the mobility of the transistor higher.

As the oxide semiconductor, a material represented by
In[LO,(Zn0O), (m 1s larger than O) can be used. Here, L 1n
In[.O,(ZnO)_ represents one or more metal elements
selected from Ga, Al, Mn, or Co.

The conductive layer 157a 1s electrically connected to the
semiconductor layer 156.

The conductive layer 157a serves as one of a source and a
drain of the transistor that serves as the selection transistor 1n
the memory circuit. Note that a conductive layer serving as a
source ol a transistor 1s also referred to as a source electrode
or a source wiring, and a conductive layer serving as a drain
ol a transistor 1s also referred to as a drain electrode or a drain
wiring.

The conductive layer 157a can be, for example, a layer
formed using a metal material such as aluminum, chromium,
copper, tantalum, titamium, molybdenum, or tungsten.

Alternatively, the conductive layer 157a can be a layer
containing a conductive metal oxide. As the conductive metal
oxide, a metal oxide such as indium oxide (In,O,), tin oxide
(SnQO,), zinc oxide (ZnO), an alloy of indium oxide and tin
oxide (In,O;—SnO,, which 1s abbreviated to ITO 1n some
cases), or an alloy of indium oxide and zinc oxide (In,O,—
/nQ); or the metal oxide contaiming silicon, silicon oxide, or
nitrogen can be used, for example. Alternatively, the conduc-
tive layer 157a can be a stack of layers formed using materials
that can be used for the conductive layer 157a.

The conductive layer 1575 1s electrically connected to the
conductive layer 154 and the semiconductor layer 156.

Note that in FIG. 1C, the conductive layer 1575 1s 1n
contact with the conductive layer 154. Although this embodi-
ment 1s not limited to this, with a structure where the conduc-
tive layer 1575 1s 1n contact with the conductive layer 154, a
contact area can be made larger than a contact area at the time
when the conductive layer 1575 1s electrically connected to
the conductive layer 154 through an opening 1n an insulating,
layer. Thus, contact resistance can be reduced.

The conductive layer 1575 serves as the other of the source
and the drain of the transistor that serves as the selection
transistor 1n the memory circuit.

As the conductive layer 157b, a layer formed using the
same material as the conductive layer 157a can be used, for
example. Alternatively, the conductive layer 1575 can be a
stack of layers formed using materials that can be used for the
conductive layer 157a.

For example, a conductive layer formed using a material
that can be used for the conductive layer 157a and the con-
ductive layer 1575 1s formed over the conductive layer 154,
the msulating layer 155, and the semiconductor layer 156. In
addition, by etching of part of the conductive layer, the con-
ductive layer 157a and the conductive layer 1575 can be
tformed using the same layer 1n the same step.
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The msulating layer 158 1s formed over the semiconductor
layer 156, the conductive layer 1574, and the conductive layer

1570b.

The insulating layer 158 serves as a gate insulating layer of
the transistor that serves as the selection transistor in the
memory circuit.

As the msulating layer 158, a layer formed using a material
that can be used for the insulating layer 151 can be used.
Alternatively, the insulating layer 158 can be a stack of layers
formed using materials that can be used for the msulating
layer 151.

Alternatively, as the insulating layer 158, an insulating
layer of a material containing an element that belongs to
Group 13 1n the periodic table and an oxygen element can be
used. When the semiconductor layer 156 contains an element
that belongs to Group 13, the use of an insulating layer con-
taining an element that belongs to Group 13 as an 1nsulating
layer 1 contact with the semiconductor layer 156 makes the
state of an 1interface between the insulating layer and the oxide
semiconductor layer favorable.

Examples of the material containing an element that
belongs to Group 13 include gallium oxide, aluminum oxide,
aluminum gallium oxide, and gallium aluminum oxide. Note
that aluminum gallium oxide 1s a substance in which the
aluminum content 1s higher than that of gallium 1n atomic
percent (at. %), and gallium aluminum oxide is a substance in
which the gallium content 1s higher than or equal to that of
aluminum 1n atomic percent (at. %). A material represented
by AlO_(x=3+c., where ¢.1s larger than 0 and smaller than 1),
GaO_, or Ga,Al, O, (X 1s larger than 0 and smaller than 2
and a 1s larger than O and smaller than 1) can be used, for
example.

For example, the use of an isulating layer containing
gallium oxide as the 1nsulating layer 158 can suppress accu-
mulation of hydrogen or hydrogen ions at an interface
between the insulating layer 158 and the semiconductor layer
156.

For example, the use of an insulating layer containing
aluminum oxide as the insulating layer 158 can suppress
accumulation of hydrogen or hydrogen 1ons at the interface
between the insulating layer 158 and the semiconductor layer
156. The 1nsulating layer containing aluminum oxide 1s less
likely to transmit water; thus, the use of the isulating layer
containing aluminum oxide can reduce entry of water to the
oxide semiconductor layer through the insulating layer.

For example, the insulating layer 158 may be formed using,
a stack of a plurality of layers containing gallium oxide rep-
resented by GaO_. Alternatively, the insulating layer 158 may
be formed using a stack of an insulating layer contaiming
gallium oxide represented by GaO_ and an insulating layer
containing aluminum oxide represented by AlO _.

The conductive layer 159 overlaps with the semiconductor

layer 156 with the insulating layer 158 provided therebe-
tween.

The conductive layer 159 serves as a first gate of the tran-
sistor that serves as the selection transistor in the memory
circuit. Note that such a conductive layer serving as a first gate
of the transistor 1s also referred to as a first gate electrode or a
first gate line.

As the conductive layer 159, a layer formed using a mate-
rial that can be used for the conductive layer 157a can be used.
Alternatively, the conductive layer 159 may be a stack of
layers formed using materials that can be used for the con-
ductive layer 159. The above is the structure example of the
memory cell illustrated in FIG. 1A.
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As described with reference to FIGS. 1A to 1C, an example
of the semiconductor device 1n this embodiment 1ncludes a
memory circuit.

In addition, the memory circuit 1n the example of the semi-
conductor device 1n this embodiment includes at least the
selection transistor and the output transistor that are field-
ellect transistors.

Further, 1n the memory circuit in the example of the semi-
conductor device 1n this embodiment, the selection transistor
includes the first gate and the second gate.

Further, the memory circuit in the example of the semicon-
ductor device 1n this embodiment includes the conductive
layer that serves as the second gate of the selection transistor,
1s apart from the semiconductor layer serving as the channel
formation layer of the output transistor, and 1s formed using
the same material as the semiconductor layer.

With the above structure, the threshold voltage of the selec-
tion transistor 1s adjusted as necessary so that the amount of
current flowing between the source and the drain of the selec-
tion transistor 1 an oif state can be reduced as much as
possible. Thus, a data retention period 1n the memory circuit
can be lengthened.

In addition, with the above structure, voltage necessary for
writing and reading data can be made lower than that of a
conventional semiconductor device; thus, power consump-
tion can be reduced.

Further, with the above structure, data can be written by
input of a data signal to a gate of the output transistor; thus,
data writable frequency can be increased.

Furthermore, with the above structure, the semiconductor
layer serving as the channel formation layer of the output
transistor and the conductive layer serving as the second gate
of the selection transistor can be formed concurrently with the
use of the layer of the same material 1n the same step. Thus,
the icrease 1n the number of manufacturing steps and the
increase 1 manufacturing cost can be suppressed.

Embodiment 2

In this embodiment, an example of a NOR-type semicon-
ductor memory device 1s described as an example of the
semiconductor device 1n the above embodiment.

An example of a semiconductor memory device 1n this
embodiment includes a memory cell array including a plural-
ity of memory cells arranged 1n matrix of I rows (I 1s a natural
number of 2 or more) and J columns (J 1s a natural number).
The memory cell corresponds to the memory circuit 1n the
semiconductor memory device in the above embodiment.

An example of the memory cell array 1n the semiconductor
memory device 1n this embodiment 1s described with refer-
ence to FIGS. 2A and 2B.

First, an example of the circuit structure of the memory cell
array 1n the semiconductor memory device in this embodi-
ment 1s described with reference to FIG. 2A.

The memory cell array illustrated in FIG. 2A 1includes a
plurality of memory cells 200 arranged 1n matrix of 1 rows (1
1s a natural number of 3 or more) and j columns (j 1s a natural
number of 3 or more), 1 word lines WL (word lines WL_1 to
WL_1), 1 capacitor lines CL (capacitor lines CL_1 to CL_1),1
gate lines BGL (gate lines BGL_1 to BGL _1), 1 bit lines BLL
(bit lines BL._1 to BL_j), and a source line SL.

The memory cell 200 1n an M-th row (M 1s a natural
number of10rless) and an N-th column (N 1s a natural number

ofjorless) (such amemory cell 1s referred to as a memory cell
200 (M, N)) includes a transistor 211 (M, N), a capacitor 213

(M, N), and a transistor 212 (M, N).
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Note that in the semiconductor memory device, the capaci-
tor includes a first capacitor electrode, a second capacitor
clectrode, and a dielectric layer overlapping with the first
capacitor electrode and the second capacitor electrode. Elec-
trical charge 1s accumulated 1n the capacitor 1n accordance
with voltage applied between the first capacitor electrode and
the second capacitor electrode.

The transistor 211 (M, N) 1s an n-channel transistor, which
includes a source, a drain, a first gate, and a second gate. Note
that in the semiconductor memory device 1n this embodiment,
the transistor 211 does not always need to be an n-channel
transistor.

One of the source and the drain of the transistor 211 (M, N)
1s connected to the bit line BLL_N. The first gate of the tran-
sistor 211 (M, N) 1s connected to the word line WL_M. The
second gate of the transistor 211 (M, N) 1s connected to the
gate line BGL_M. With the structure where the one of the
source and the drain of the transistor 211 (M, N) 1s connected
to the bit line BL._N, data can be read selectively from one or
more memory cells.

The transistor 211 (M, N) serves as a selection transistor in
the memory cell 200 (M, N).

As thetransistor 211 (M, N), a transistor including an oxide
semiconductor layer that can be used as the transistor 111 1n
the semiconductor device in Embodiment 1 can be used, for
example.

The transistor 212 (M, N) 1s a p-channel transistor. Note
that in the semiconductor memory device in this embodiment,
the transistor 212 does not always need to be a p-channel
transistor.

One of a source and a drain of the transistor 212 (M, N) 1s
connected to the source line SL. The other of the source and
the drain of the transistor 212 (M, N) 1s connected to the bit
line BL_N. A gate of the transistor 212 (M, N) 1s connected to
the other of the source and the drain of the transistor 212 (M,
N).

The transistor 212 (M, N) serves as an output transistor in
the memory cell 200 (M, N).

As the transistor 212 (M, N), a transistor including a semi-
conductor layer containing a semiconductor belonging to
Group 14 (e.g., silicon) that can be used as the transistor 112
in the semiconductor device in Embodiment 1 can be used.

A first capacitor electrode of the capacitor 213 (M, N) 1s
connected to the capacitor line CL_M. A second capacitor
clectrode of the capacitor 213 (M, N) 1s connected to the other
of the source and the drain of the transistor 211 (M, N).

The capacitor 213 (M, N) serves as a storage capacitor.
The voltage of the word lines WL_1 to WL _11s controlled
by, for example, a driver circuit including a decoder.

The voltage of the bit lines BL._1 to BL_j 1s controlled by,
for example, a driver circuit including a decoder.

The voltage of the capacitor lines CL_1 to CL_1 1s con-
trolled by, for example, a driver circuit including a decoder.

The voltage of the gate lines BGL_1 to BGL_11s controlled
by, for example, a gate line driver circuit.

The gate line driver circuit 1s formed using, for example, a
circuit that includes a diode and a capacitor. In that case, a first
capacitor electrode of the capacitor 1s electrically connected
to an anode of the diode and the gate line BGL.

Further, an example of a method for driving the memory
cell array 1n FIG. 2A 1s described with reference to FIG. 2B.
FIG. 2B 1s a timing chart illustrating an example of a method
for driving the memory cell array in FIG. 2A. Here, the case
where data 1s sequentially written to the memory cell 200 (1,
1) 1n a first row and a first column and the memory cell 200 (2,
2) 1n a second row and a second column and then the data
written 1s read 1s described as an example. Note that in the
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timing chart 1n FIG. 2B, voltage Vh 1s higher than the thresh-
old voltage of the transistor 211, and a shaded area 1s an area

where voltage may be equal to the voltage Vh or the ground

potential GND.

First, as 1llustrated by a period 121 1n FIG. 2B, the voltage
of the word line WL_1 1s setto the voltage Vh. At this time, the
voltage of the capacitor line CL_1 1s set equal to the ground
potential GND. In addition, the voltage of the word lines WL
other than the word line WL_1 1s set equal to the ground
potential GND that 1s a reference potential, and the voltage of
the capacitor lines CL other than the capacitor line CL_1 1s set
to the voltage Vh. Further, the voltage of the source line SL 1s
set equal to the ground potential GND.

At this time, 1n the memory cells 200 1n the first row (the

memory cells 200 (1, 1) to 200 (1, 7)), the transistors 211 (1,
1) to 211 (1, ;) are turned on.
When the transistors 211 (1, 1) to 211 (1, ;) are on, a

memory data signal 1s input from the bit line BL_1 to the gate

of the transistor 212 (1, 1) and a second capacitor electrode of
the capacitor 213 (1, 1) through the transistor 211 (1, 1). At

this time, the voltage of the gate of the transistor 212 (1, 1) and
the voltage of the second capacitor electrode of the capacitor
213 (1, 1) have the same level as the voltage of the memory
data signal imnput, and the memory cell 200 (1, 1) 1n the first
row and the first column 1s set to be 1n a write state. Here, the
voltage of the bit line BL_1 1s set equal to the ground potential
GND, as an example.

After data 1s written to the memory cells 200 1n the first row
(including the memory cell 200 (1, 1) 1n the first row and the
first column), the voltage of the word line WL_1 1s set equal
to the ground potential GND, and the voltage of the capacitor
line CL_1 1s, for example, kept at the ground potential GND.
At this time, the voltage of the word lines WL other than the
word line WL_1 1s equal to the ground potential GND, and the
voltage of the capacitor lines CL other than the capacitor line
CL_1 1s, for example, kept at the voltage Vh. In addition, the
voltage of the gate line BGL _1 inthe firstrow 1s setto V1. The
voltage V1 1s lower than or equal to the ground potential
GND.

Atthis time, the transistors 211 (1, 1) to 211 (1, ) are turned
off. In addition, the threshold voltage of the transistors 211 (1,
1)to 211 (1, ) has a positive level. Thus, the voltage of second
capacitor electrodes of the capacitors 213 (1, 1) to 213 (1, j)
and the voltage of gates of the transistors 212 (1, 1) to 212 (1,
7) are held for a certain period.

Next, as 1llustrated by a period 122 1n FIG. 2B, the voltage
of the word line WL_2 1s set to the voltage Vh, and the voltage
of the capacitor line CL_2 1s set equal to the ground potential
GND. At this time, the voltage of the word lines WL other
than the word line WL_2 1s set equal to the ground potential
GND, and the voltage of the capacitor lines CL other than the
capacitor line CL_2 1s set to the voltage Vh. Further, the
voltage of the source line SL 1s set equal to the ground poten-
tial GND.

At this time, 1n the memory cells 200 1n a second row (the
memory cells 200 (2, 1) to 200 (2, 7)), the transistors 211 (2,
1) to 211 (2, j) are turned on.

When the transistors 211 (2, 1) to 211 (2, j) are on, a
memory data signal 1s input from the bit line BL._ 2 to the gate
of the transistor 212 (2, 2) and a second capacitor electrode of
the capacitor 213 (2, 2) through the transistor 211 (2, 2). At
this time, the voltage of the gate of the transistor 212 (2, 2) and
the voltage of the second capacitor electrode of the capacitor
213 (2, 2) have the same level as the voltage of the memory
data s1ignal input, and the memory cell 200 (2, 2) 1n the second
row and the second column 1s set to be 1n a write state. Here,
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the voltage of the bit line BL_2 1s set equal to the ground
potential GND, as an example.

After data 1s written to the memory cells 200 1n the second
row (including the memory cell 200 (2, 1) 1n the second row
and the first column), the voltage of the word line WL_2 1s set
equal to the ground potential GND, and the voltage of the
capacitor line CL_2 1s, for example, set to the ground poten-
tial GND. At this time, the voltage of the word lines WL other
than the word line WL_2 1s equal to the ground potential
GND, and the voltage of the capacitor lines CL other than the
capacitor line CL_2 1s, for example, set to the voltage Vh. In
addition, the voltage of the gate line BGL_2 1s setto V1. The
voltage of the bit lines BL._1 and BL_2 1s set equal to the
ground potential GND.

At this time, the transistors 211 (2,1) to 211 (2, 1) are turned
ofl. In addition, the threshold voltage of the transistors 211 (2,
1)to 211 (2, 1) has a positive level. Thus, the voltage of second
capacitor electrodes of the capacitors 213 (2, 1) to 213 (2, 1)
and the voltage of gates of the transistors 212 (2, 1) to 212 (2,
1) are held for a certain period.

Further, as illustrated by a period 123 1n FIG. 2B, the
voltage of the source line SL 1s set to voltage Vr, and the
voltage of the capacitor line CL_1 1s set equal to the ground
potential GND. At this time, the voltage of the word lines
WL_1 to WL_11s set equal to the ground potential GND, and
the voltage of the capacitor lines CL other than the capacitor
line CL_1 1s set to the voltage Vh. The voltage Vr 1s higher
than or equal to the ground potential GND and lower than or
equal to the voltage Vh.

At this time, 1n the memory cell 200 (1, 1) 1n the first row
and the first column, resistance between a source and a drain
of the transistor 212 (1, 1) 1s based on the voltage of the gate
of the transistor 212 (1, 1). Thus, data 1s read from the
memory cell 200 (1, 1) by output of voltage based on the
voltage of the gate of the transistor 212 (1, 1) as data through
the bit line BL. 1.

Next, as 1llustrated by a period 124 1n FIG. 2B, the voltage
of the source line SL 1s set to the voltage Vr, and the voltage
of the capacitor line CL_2 1s set equal to the ground potential
GND. At this time, the voltage of the word lines WL_1 to
WL_1 1s set equal to the ground potential GND, and the
voltage of the capacitor lines CL other than the capacitor line
CL_2 1s set to the voltage Vh.

At this time, 1n the memory cell 200 (2, 2) 1n the second row
and the second column, resistance between a source and a
drain of the transistor 212 (2, 2) 1s based on the voltage of the
gate ol the transistor 212 (2, 2). Thus, data 1s read from the
memory cell 200 (2, 2) by output of voltage based on the
voltage of the gate of the transistor 212 (2, 2) as data through
the bit line BL_1. The above 1s the example of the method for
driving the memory cell array 1n FIG. 2A.

Next, a structure example of the memory cell 200 1n the
memory cell array 1n FIG. 2A 1s described with reference to
FIGS. 3A and 3B. FIG. 3A 1s a top view and FIG. 3B 1s a
cross-sectional view along line A-B 1n FIG. 3A.

The memory cell 1llustrated 1n FIGS. 3A and 3B includes a
semiconductor layer 252a, a semiconductor layer 25256, an
insulating layer 253, a conductive layer 254, an insulating
layer 255, a semiconductor layer 256, a conductive layer
257a, a conductive layer 257b, an insulating layer 238, a
conductive layer 259a, a conductive layer 2595, an insulating
layer 260, and a conductive layer 261. Note that the semicon-
ductor memory device 1n this embodiment does not necessar-
1ly include the insulating layer 255.

Each of the semiconductor layers 252a and 2525 1s formed
over one surface of a substrate 250 with an nsulating layer
251 provided therebetween.
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As the substrate 250, a substrate which can be used as the
substrate 150 in Embodiment 1 can be used.

As the msulating layer 251, for example, an oxide insulat-
ing layer can be used. For example, a silicon oxide layer, a
silicon oxynitride layer, or the like can be used. In addition, 5
the oxide mnsulating layer may contain halogen. Note that the
insulating layer 251 can be a stack of layers formed using
materials that can be used for the msulating layer 251.

The semiconductor layer 252a has a pair of impurity
regions. The semiconductor layer 252a has a channel forma- 10
tion region between the pair of impurity regions. An impurity
clement imparting p-type conductivity can be used as an
impurity element; however, this embodiment 1s not limited to
this. An impurity element imparting n-type conductivity may
be used. Alternatively, a plurality of impurity regions with 15
different concentrations of impurity elements may be pro-
vided 1n the semiconductor layer 252a. In that case, a region
in which the concentration of impurity elements 1s relatively
low 1s referred to as a low-concentration impurity region. The
provision of the low-concentration impurity region can sup- 20
press the local concentration of an electric field.

The semiconductor layer 252a serves as a channel forma-
tion layer of a transistor that serves as an output transistor in
a source line and each memory cell.

The semiconductor layer 25256 contains the same impurity 25
clement as the impurity region in the semiconductor layer
252a. The semiconductor layer 2525 1s apart from the semi-
conductor layer 252a. Note that the semiconductor layer 2525
contains impurity elements imparting conductivity such that
it can serve as a conductive layer and thus can be regarded as 30
a conductive layer.

The semiconductor layer 2525 serves as a second gate of a
transistor that serves as a selection transistor 1n the gate line
BGL and each memory cell.

As the semiconductor layer 252a and the semiconductor 35
layer 2525, a layer formed using a material that can be used
for the semiconductor layer 152a and the semiconductor
layer 1526 in the above embodiment can be used, for
example.

The msulating layer 2353 1s provided over the semiconduc- 40
tor layer 252a and the semiconductor layer 2525b.

The insulating layer 253 serves as a gate insulating layer of
a transistor that serves as an output transistor in each memory
cell.

As the insulating layer 253, a layer formed using a material 45
that can be used for the insulating layer 151 in Embodiment 1
can be used, for example. Alternatively, the mnsulating layer
2353 can be a stack of layers formed using materials that can be
used for the msulating layer 253.

The conductive layer 254 overlaps with the semiconductor 50
layer 252a (including the channel formation region) with the
insulating layer 233 provided therebetween. Note that a side
surface of the conductive layer 254 may be tapered. When the
side surtace of the conductive layer 254 1s tapered, formation
ol an upper layer can be facilitated. 55

The conductive layer 254 serves as a gate of a transistor that
serves as an output transistor 1n the memory cell.

As the conductive layer 254, a layer formed using a mate-
rial that can be used for the conductive layer 154 1n Embodi-
ment 1 can be used, for example. Alternatively, the conductive 60
layer 254 can be a stack of layers formed using materials that
can be used for the conductive layer 254.

The 1sulating layer 255 1s provided over the insulating
layer 253. With provision of the imnsulating layer 235, for
example, an uneven portion due to the conductive layer 254 65
can be tlattened and formation of a layer 1n an upper portion
1s facilitated.
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As the msulating layer 255, a layer formed using a material
that can be used for the insulating layer 151 in Embodiment 1
can be used, for example. Alternatively, the msulating layer
235 can be a stack of layers formed using maternials that can be
used for the msulating layer 255. For example, the insulating
layer 255 can be formed using a stack of a silicon oxynitride
layer, a silicon nitride oxide layer, and a silicon oxide layer.

The semiconductor layer 256 overlaps with the semicon-
ductor layer 2525 with the msulating layer 253 and the 1nsu-
lating layer 255 provided therebetween.

The semiconductor layer 256 serves as a channel formation
layer of a transistor that serves as a selection transistor 1n the
memory cell.

As the semiconductor layer 256, a layer formed using a
material that can be used for the semiconductor layer 156 1n
Embodiment 1 can be used, for example.

The conductive layer 257a 1s electrically connected to the
semiconductor layer 256.

The conductive layer 257a serves as one of a source and a
drain of the transistor that serves as the selection transistor 1n
the memory cell.

The conductive layer 2575 1s electrically connected to the
conductive layer 254 and the semiconductor layer 256. With
a structure where the conductive layer 2575 1s 1n contact with
the conductive layer 254, a contact area can be made larger
than a contact area at the time when the conductive layer 2575
1s electrically connected to the conductive layer 254 through
an opening 1n an insulating layer. Thus, contact resistance can
be reduced.

The conductive layer 2575 serves as the other of the source
and the drain of the transistor that serves as the selection
transistor 1n the memory cell and also serves as a second
capacitor electrode of a capacitor that serves as a storage
capacitor 1n the memory cell.

As the conductive layer 257aq and the conductive layer
257b, a layer formed using a material that can be used for the
conductive layer 157aq and the conductive layer 1576 1n
Embodiment 1 can be used, for example. Alternatively, the
conductive layer 257a and the conductive layer 2575 canbe a
stack of layers formed using materials that can be used for the
conductive layer 257a and the conductive layer 2575.

The msulating layer 258 1s formed over the semiconductor
layer 256, the conductive layer 257a, and the conductive layer
257b.

The msulating layer 258 serves as a gate insulating layer of
the transistor that serves as the selection transistor in the
memory cell and also serves as a dielectric layer of the capaci-
tor that serves as the storage capacitor in the memory cell.

As the msulating layer 258, an insulating layer formed
using a material that can be used for the insulating layer 158
in Embodiment 1 can be used, for example. Alternatively, the
insulating layer 258 can be a stack of layers formed using
materials that can be used for the msulating layer 258.

The conductive layer 259a overlaps with the conductive
layer 257b with the insulating layer 258 provided therebe-
tween.

The conductive layer 259a serves as a first capacitor elec-
trode of the capacitor that serves as the storage capacitor in
the memory cell.

The conductive layer 2595 overlaps with the semiconduc-
tor layer 256 with the insulating layer 258 provided therebe-
tween.

The semiconductor layer 2395 serves as a first gate of a
transistor that serves as a selection transistor i the word line
WL and the memory cell.

As the conductive layer 259q and the conductive layer
259b, a layer formed using a material that can be used for the




US 8,604,476 B2

17

conductive layer 159 in Embodiment 1 can be used, for
example. Alternatively, the conductive layer 2594 and the
conductive layer 2595 can be a stack of layers formed using
materials that can be used for the conductive layer 259q and
the conductive layer 25954.

The msulating layer 260 1s formed over the insulating layer
2358, the conductive layer 259a, and the conductive layer
2595.

As the insulating layer 260, a layer formed using a material
that can be used for the insulating layer 255 can be used, for
example. Alternatively, the insulating layer 260 can be a stack
of layers formed using materials that can be used for the
insulating layer 260.

The conductive layer 261 1s 1n contact with the conductive
layer 257 a through an opening formed 1n the msulating layer
2358 and the msulating layer 260 and 1s 1n contact with one of
the pair of impurity regions 1n the semiconductor layer 2524
through an opening formed 1n the insulating layer 253, the
insulating layer 255, the msulating layer 258, and the 1nsu-
lating layer 260.

The conductive layer 261 serves as the bit line BL in the
memory cell.

As the conductive layer 261, a layer formed using a mate-
rial that can be used for the conductive layer 254 can be used,
for example. Alternatively, the conductive layer 261 can be a
stack of layers formed using materials that can be used for the
conductive layer 261.

An msulating layer may be provided over the conductive
layer 261, and a different conductive layer that 1s electrically
connected to the conductive layer 261 through an opening
formed 1n the insulating layer may be provided over the
insulating layer.

Note that 1n the memory cell of the semiconductor memory
device 1n this embodiment, the level of voltage applied to the
second gate or the thickness of the insulating layer 255 1s set
as appropriate so that the level of the threshold voltage of the
transistor serving as the selection transistor can be changed
into a desired level as necessary.

Next, an example of a method for manufacturing the
memory cell in FIGS. 3A and 3B i1s described with reference
to FIGS. 4A to 4D, FIGS. 5A to 5D, FIGS. 6A to 6C, and
FIGS. 7A to 7C. FIGS. 4A to 4D, FIGS. 5A to 5D, FIGS. 6 A
to 6C, and FIGS. 7A to 7C are cross-sectional views illustrat-
ing an example of the method for manufacturing the memory
cell in FIGS. 3A and 3B.

First, as 1llustrated in FIG. 4A, the substrate 250 1s pre-
pared, the insulating layer 251 1s formed over one surface of
the substrate 250, and a semiconductor layer 242 1s formed
over the one surface of the substrate 250 with the msulating
layer 251 provided therebetween. Note that an oxide insulat-
ing layer or a nitride insulating layer may be formed over the
substrate 250 1n advance.

An example 1mn which the mnsulating layer 251 and the
semiconductor layer 242 are formed over one surface of the
substrate 250 1s described below.

For example, the substrate 250 and a semiconductor sub-
strate provided with the insulating layer 251 on an upper
surface are prepared.

For example, an oxide insulating layer can be formed by
formation of an oxide msulating film by thermal oxidation,
CVD, sputtering, or the like. For example, the oxide isulat-
ing layer can be formed by formation of an oxide silicon film
over the semiconductor substrate with thermal oxidation
treatment 1n thermal oxidation.

In addition, an 10n beam including 1ons which are acceler-
ated by an electric field enters the semiconductor substrate
and a fragile region 1s formed 1n a region at a certain depth
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from a surface of the semiconductor substrate. Note that the
depth at which the fragile region 1s formed 1s adjusted by the
kinetic energy, mass, electrical charge, or incidence angle of
the 10ns, or the like.

For example, 1ons can be introduced into the semiconduc-
tor substrate with the use of an 10n doping apparatus or an 10n
implantation apparatus.

As 10ns to be introduced, for example, hydrogen and/or
helium can be used. For example, 1n the case where hydrogen
ions are mntroduced using an 1on doping apparatus, the eifi-
ciency of introduction of 1ons can be improved by increasing
the proportion of H;™ in the 10ns introduced. Specifically, 1t 1s
preferable that the proportion of H,™ 1s higher than or equal to
50% (more preferably, higher than or equal to 80%) with
respect to the total amount of H, H,™, and H,™.

Further, the substrate 250 and the semiconductor substrate
are attached to each other with the insulating layer on the
semiconductor substrate provided therebetween. Note that 1n
the case where the substrate 250 1s also provided with an
insulating layer, the substrate 250 and the semiconductor
substrate are attached to each other with the insulating layer
on the semiconductor substrate and the msulating layer over
the substrate 250 provided therebetween. In that case, the
insulating layers provided between the substrate 250 and the
semiconductor substrate serves as the msulating layer 2351.

Furthermore, heat treatment 1s performed so that the semi-
conductor substrate 1s separated with the fragile region used
as a cleavage plane. Thus, the semiconductor layer 242 can be
formed over one surface of the substrate 250 with the 1nsu-
lating layer 251 provided therebetween.

Note that when a surface of the semiconductor layer 242 1s
irradiated with laser light, the flatness of the surface of the
semiconductor layer 242 can be improved.

Note that after the semiconductor layer 242 1s formed, an
impurity element imparting p-type or n-type conductivity
may be added to the semiconductor layer 242. By addition of
the impurity element imparting p-type or n-type conductivity
to the semiconductor layer 242, the threshold voltage of the
transistor including the semiconductor layer 242 can be easily
controlled.

Without limitation to the above formation method, the
semiconductor layer 242 may be formed by formation of a
polycrystalline, microcrystalline, or amorphous semiconduc-
tor layer over the msulating layer 251 by CVD.

Next, as illustrated in FIG. 4B, by etching of part of the
semiconductor layer 242, a semiconductor layer 242a and a
semiconductor layer 2425 which are apart from each other are
formed.

For example, a resist mask 1s formed over part of a layer or
a 1illm by a photolithography process, and the part of the layer
or the film can be etched using the resist mask. Note that 1n
that case, the resist mask 1s removed after the etching.

The resist mask may be formed by an inkjet method. A
photomask 1s not needed 1n an 1nkjet method; thus, manufac-
turing cost can be reduced. In addition, the resist mask may be
formed using an exposure mask having a plurality of regions
with different transmittances (such an exposure mask 1s also
referred to as a multi-tone mask). With the multi-tone mask,
a resist mask having a plurality of regions with different
thicknesses can be formed, so that the number of resist masks
used for the formation of the semiconductor memory device
can be reduced.

Next, as 1llustrated 1n FI1G. 4C, the insulating layer 233 1s
formed over the semiconductor layer 242q and the semicon-
ductor layer 242b.

For example, the mnsulating layer 253 can be formed by
formation of a film formed using a material that can be used
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for the msulating layer 253 by sputtering, plasma-enhanced
CVD, or the like. Alternatively, the msulating layer 233 can
be a stack of films formed using materials that can be used for

the insulating layer 253. Further, when the msulating layer
253 1s formed by high-density plasma-enhanced CVD (e.g.,
high-density plasma-enhanced CVD using microwaves (e.g.,
microwaves with a frequency of 2.45 GHz)), the insulating
layer 253 can be dense and can have higher breakdown volt-
age. Alternatively, the insulating layer 253 can be formed by
heat treatment (e.g., thermal oxidation treatment or thermal
nitriding treatment) or high-density plasma treatment. The
high-density plasma treatment can be performed using, for
example, a mixed gas of a rare gas such as He, Ar, Kr, or Xe
and any of oxygen, nitrogen oxide, ammonia, nitrogen, or
hydrogen.

Note that when a high-purity gas from which an impurity
such as hydrogen, water, a hydroxyl group, or hydride 1s
removed 1s used as a sputtering gas, for example, the impurity
concentration in the film can be lowered.

Note that preheating treatment may be performed 1n a
preheating chamber of a sputtering apparatus before the film
1s formed by sputtering. By the preheating treatment, an
impurity such as hydrogen or moisture can be eliminated.

Before the film 1s formed by sputtering, for example, treat-
ment by which voltage 1s applied to a substrate side, not to a
target side, 1n an argon, nitrogen, helium, or oxygen atmo-
sphere with the use of an RF power and plasma 1s generated so
that a surface of the substrate on which the film 1s formed 1s
modified (such treatment 1s also referred to as reverse sput-
tering) may be performed. By reverse sputtering, powdery
substances (also referred to as particles or dust) that attach
onto the surface on which the film 1s formed can be removed.

In the case where the film 1s formed by sputtering, moisture
remaining 1 a deposition chamber for the film can be
removed by an adsorption vacuum pump or the like. A cry-
opump, an 10n pump, a titanium sublimation pump, or the like
can be used as the adsorption vacuum pump. Alternatively,
moisture remaining in the deposition chamber can be
removed by a turbo-molecular pump provided with a cold
trap.

Note that after the insulating layer 253 1s formed, an impu-
rity element imparting p-type or n-type conductivity may be
added to part of the semiconductor layer 242a and part of the
semiconductor layer 242b.

Then, as 1llustrated 1n FIG. 4D, a first conductive film 1s
tormed over at least part of the semiconductor layer 242a with
the msulating layer 253 provided therebetween and 1s partly
etched so that the conductive layer 254 1s formed.

For example, the first conductive film can be formed by
formation of a film formed using a material that can be used
tor the conductive layer 254 by sputtering. Alternatively, the
first conductive film can be a stack of films formed using
materials that can be used for the conductive layer 254.

Next, as illustrated in F1G. 5 A, an impurity element impart-
ing p-type or n-type conductivity 1s added to the semiconduc-
tor layer 242a and the semiconductor layer 2425 with the use
of the conductive layer 254 as a mask so that a channel
formation region 1s formed to overlap with the conductive
layer 254 1n the semiconductor layer 242a, impurity regions
are formed 1n a region other than that region, and an impurity
region 1s formed 1n the semiconductor layer 2425 so that the
semiconductor layer 252a and the semiconductor layer 2525
are formed.

Next, as illustrated 1n FIG. 5B, the msulating layer 2535 1s
formed by formation of a third insulating film over the 1nsu-
lating layer 253 and the conductive layer 254.
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For example, the imnsulating layer 255 can be formed 1n such
a manner that a silicon oxynitride film 1s formed over the
isulating layer 253 and the conductive layer 254, a silicon
nitride oxide film 1s formed over the silicon oxynitride film,
and a silicon oxide film 1s formed over the silicon nitride
oxide film.

Then, as i1llustrated 1n FIG. 5C, an upper surface of the
conductive layer 254 1s exposed by removal of part of the
insulating layer 255.

For example, the upper surface of the conductive layer 254
can be exposed by removal of the part of the mnsulating layer
255 by CMP (chemical mechanical polishing) or etching.

For example, in the case where a silicon oxynitride film, a
silicon nitride oxide film, and a silicon oxide film are formed
in that order so that the insulating layer 253 1s formed, an
upper surface of the silicon nitride oxide film may be exposed
by CMP and an upper surface of the conductive layer 254 may
be exposed by dry etching.

Then, as illustrated 1n FIG. 5D, an oxide semiconductor
film 1s formed over the isulating layer 255 and is partly
ctched so that the semiconductor layer 256 1s formed.

For example, the oxide semiconductor film can be formed
by formation of a film formed using an oxide semiconductor
material that can be used for the semiconductor layer 256 by
sputtering. Note that the oxide semiconductor film may be
formed 1n a rare gas atmosphere, an oxygen atmosphere, or a
mixed atmosphere of a rare gas and oxygen. For example, by
formation of the oxide semiconductor film 1n an oxygen
atmosphere, a high-crystallinity oxide semiconductor film
can be formed.

The oxide semiconductor film can be formed using an
oxide target having a composition ratio of In,0;:Ga,Os;:
/Zn0O=1:1:1 (in a molar rati0) as a sputtering target. Alterna-
tively, for example, the oxide semiconductor film may be
formed using an oxide target having a composition ratio of
In,0;:Ga,0,:Zn0O=1:1:2 (in a molar ratio).

The proportion of the volume of a portion except for the
area of a space and the like with respect to the total volume of
the oxide target (such a proportion 1s also referred to as
relative density) 1s preferably higher than or equal to 90% and
lower than or equal to 100%, more preferably higher than or
equal to 95% and lower than or equal to 99.9%. With the use
ol a metal oxide target with high relative density, the oxide
semiconductor film can be a dense film.

When the oxide semiconductor film 1s formed by sputter-
ing, the substrate 250 may be kept under reduced pressure and
heated at 100 to 600° C., preferably 200 to 400° C. By heating
of the substrate 250, the impurity concentration in the oxide
semiconductor {ilm can be lowered and damage to the oxide
semiconductor {ilm caused by the sputtering can be reduced.

Then, as illustrated in FIG. 6 A, a second conductive film 1s
tformed over the conductive layer 254, the insulating layer
2535, and the semiconductor layer 256 and 1s partly etched so
that the conductive layer 257a and the conductive layer 2575
are formed.

For example, the second conductive film can be formed by
formation of a film formed using a material that can be used
tor the conductive layer 257a and the conductive layer 2575
by sputtering or the like. Alternatively, the second conductive
f1lm can be a stack of films formed using materials that can be
used for the conductive layer 257a and the conductive layer
257b.

Then, as 1llustrated 1n FIG. 6B, the insulating layer 258 1s
formed to be 1n contact with the semiconductor layer 256.

Note that heat treatment may be performed at higher than
or equal to 400° C. and lower than or equal to 750° C., or
higher than or equal to 400° C. and lower than the strain point
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of the substrate after the oxide semiconductor film 1s formed,
after part of the oxide semiconductor film is etched, after the
second conductive film 1s formed, after part of the second
conductive film 1s etched, or after the insulating layer 258 1s
formed.

Note that a heat treatment apparatus for the heat treatment
can be an electric furnace or an apparatus for heating an object
by heat conduction or heat radiation from a heater such as a
resistance heater. For example, an RTA (rapid thermal anneal-
ing) apparatus such as a GRTA (gas rapid thermal annealing)
apparatus, or an LRTA (lamp rapid thermal annealing) appa-
ratus can be used. An LRTA apparatus 1s an apparatus for
heating an object by radiation of light (an electromagnetic
wave) emitted from a lamp such as a halogen lamp, a metal
halide lamp, a xenon arc lamp, a carbon arc lamp, a high
pressure sodium lamp, or a high pressure mercury lamp. A
GRTA apparatus 1s an apparatus with which heat treatment 1s
performed using a high-temperature gas. As the high-tem-
perature gas, for example, a rare gas or an inert gas (e.g.,
nitrogen) which does not react with an object by heat treat-
ment can be used.

After the heat treatment, a high-purity oxygen gas, a high-
purity N,O gas, or ultra-dry air (with a dew point of —40° C.
or lower, preferably —-60° C. or lower) may be introduced into
the furnace that has been used 1n the heat treatment while the
heating temperature 1s maintained or decreased. In that case,
it 1s preferable that water, hydrogen, and the like be not
contained 1n the oxygen gas or the N,O gas. The purity of the
oxygen gas or the N,O gas which 1s introduced 1nto the heat
treatment apparatus 1s preferably 6N or higher, more prefer-
ably 7N or higher. That 1s, the impurity concentration in the
oxygen gas or the N,O gas 1s 1 ppm or lower, preferably 0.1
ppm or lower. By the action of the oxygen gas or the N,O gas,
oxygen 1s supplied to the semiconductor layer 256, so that
defects caused by oxygen deficiency in the semiconductor
layer 256 can be reduced.

Further, 1n addition to the heat treatment, after the insulat-
ing layer 258 1s formed, heat treatment (preferably at 200 to
400° C., for example, 250 to 350° C.) may be performed 1n an
inert gas atmosphere or an oxygen gas atmosphere.

Further, oxygen doping treatment using oxygen plasma
may be performed after the formation of the msulating layer
258, alter the formation of the oxide semiconductor film, after
the formation of the conductive layer serving as the source or
the drain of the transistor that serves as the selection transis-
tor, aiter the formation of the insulating layer, or after the heat
treatment. For example, oxygen doping treatment may be
performed using a high-density plasma of 2.45 GHz. Alter-
natively, the oxygen doping treatment may be performed by
ion 1mplantation or ion doping. By the oxygen doping treat-
ment, variations in electrical characteristics of the transistors
can be reduced. For example, the oxygen doping treatment 1s
performed to make the insulating layer 258 contain oxygen
with a higher proportion than that in the stoichiometric com-
position. Consequently, excess oxygen 1n the insulating layer
1s likely to be supplied to the semiconductor layer 256. This
can reduce oxygen deficiency in the semiconductor layer 256
or at the interface between the msulating layer 258 and the
semiconductor layer 256, thereby reducing the carrier con-
centration of the semiconductor layer 256.

For example, 1n the case where an insulating layer contain-
ing gallium oxide 1s formed as the msulating layer 258, oxy-
gen 15 supplied to the insulating layer, so that the composition
of galllum oxide can be GaO_.

Alternatively, in the case where an insulating layer con-
taining aluminum oxide 1s formed as the mnsulating layer 2358,
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oxygen 1s supplied to the insulating layer, so that the compo-
sition of aluminum oxide can be AlO .

Alternatively, 1n the case where an 1nsulating layer con-
taining gallium aluminum oxide or aluminum gallium oxide
1s formed as the insulating layer 258, oxygen 1s supplied to the
insulating layer, so that the composition of gallium aluminum
oxide or aluminum galllum oxide can be Ga _Al,_ O, __,.

Through the steps, an impurity such as hydrogen, moisture,
a hydroxyl group, or hydride (also referred to as a hydrogen
compound) 1s removed from the semiconductor layer 256 and
oxygen 1s supplied to the semiconductor layer 256. Thus, the
semiconductor layer 256 can be highly purified.

Then, as 1llustrated 1n FIG. 6C, a third conductive film 1s
formed over the insulating layer 258 and 1s partly etched so
that the conductive layer 2594q and the conductive layer 2595
are formed.

For example, the third conductive film can be formed by
formation of a film formed using a material that can be used
for the conductive layer 259q and the conductive layer 2595
by sputtering. Alternatively, the third conductive film can be
a stack of films formed using materials that can be used for the
conductive layer 259q and the conductive layer 2595.

Next, as 1llustrated 1n FIG. 7A, the insulating layer 260 1s
formed by formation of a fifth insulating film over the 1nsu-
lating layer 258, the conductive layer 259q, and the conduc-
tive layer 259b.

For example, the fifth insulating film can be formed by
formation of a film formed using a material that can be used
for the insulating layer 260 by sputtering, plasma-enhanced
CVD, or the like.

Then, as 1llustrated 1n FIG. 7B, the insulating layer 253, the
insulating layer 255, the msulating layer 258, and the 1nsu-
lating layer 260 are partly etched so that a first opening
reaching the semiconductor layer 252a 1s formed, and the
insulating layer 2358 and the insulating layer 260 are partly
etched so that a second opening reaching the conductive layer
257a 1s Tormed.

Next, as 1llustrated in FI1G. 7C, the conductive layer 261 1s
formed 1n such a manner that a fourth conductive film 1s
formed over the insulating layer 260 to be 1n contact with the
impurity region in the semiconductor layer 252a through the
first opeming and 1n contact with the conductive layer 257q
through the second opening.

For example, the fourth conductive film can be formed by
formation of a film formed using a material that can be used
for the conductive layer 261 by sputtering or the like. Alter-
natively, the fourth conductive film can be a stack of films
formed using materials that can be used for the conductive
layer 261. The above 1s the example of the method for manu-
facturing the memory cell in FIGS. 3A and 3B.

As described with reference to FIGS. 2A and 2B, FIGS.3A
and 3B, FIGS. 4A to 4D, FIGS. 5A to 3D, FIGS. 6A to 6C,
and FIGS. 7TA to 7C, the example of the semiconductor
memory device 1n this embodiment has a memory cell array
including a plurality of memory cells.

The memory cell 1n the example of the semiconductor
memory device 1in this embodiment includes at least the selec-
tion transistor and the output transistor that are field-etiect
transistors and the storage capacitor.

The selection transistor includes an oxide semiconductor
layer 1n which a channel 1s formed. The oxide semiconductor
layer 1n which a channel 1s formed 1s an oxide semiconductor
layer which 1s made to be intrinsic (1-type) or substantially
intrinsic (substantially 1-type) by purification. By purification
of the oxide semiconductor layer, the carrier concentration 1n
the oxide semiconductor layer can be lower than 1x10"*/cm”,
preferably lower than 1x10'%/cm’, more preferably lower
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than 1x10'"/cm’, so that changes in characteristics due to
temperature change can be suppressed. Further, with the
above structure, off-state current per micrometer of channel
width can be 10 aA (1x10™'" A) orless, 1 aA (1x10™"* A) or
less, 10 zA (1x107%° A) or less, 1 zA (1x107' A) or less, or
100 yA (1x1072* A) or less. It is preferable that the off-state
current of the transistor be as low as possible. The lower limait
ol the off-state current per micrometer of channel width of the
transistor in this embodiment is estimated at about 107"
A/um.

In addition, the concentration of an alkali metal contained
in the oxide semiconductor layer in which a channel 1s formed
1s preferably low. For example, in the case where sodium 1s
contained 1n the oxide semiconductor layer in which a chan-
nel 1s formed, the concentration of sodium contained 1n the
oxide semiconductor layer in which a channel 1s formed 1s
5x10'°/cm’ or lower, preferably 1x10'°/cm” or lower, more
preferably 1x10">/cm”® or lower. For example, in the case
where lithium 1s contained in the oxide semiconductor layer
in which a channel 1s formed, the concentration of lithium
contained 1n the oxide semiconductor layer in which a chan-
nel is formed is 5x10"~/cm” or lower, preferably 1x10">/cm”
or lower. For example, 1n the case where potassium 1s con-
tained 1n the oxide semiconductor layer in which a channel 1s
formed, the concentration of potassium contained in the oxide
semiconductor layer in which a channel is formed is 5x10"/
cm® or lower, preferably 1x10">/cm” or lower. For example,
in the case where an msulating layer which 1s 1n contact with
the oxide semiconductor layer 1s an oxide, sodium diffuses
into the oxide nsulating layer and causes deterioration of a
transistor (e.g., a shift in threshold voltage or a decrease in
mobility). Further, sodium also causes variation of character-
istics of plural transistors. Thus, the decrease 1n the concen-
tration of an alkali metal contained 1n the oxide semiconduc-
tor layer in which a channel 1s formed leads to suppression of
deterioration of transistor characteristics due to the alkali
metal.

Further, in the memory cell in the example of the semicon-
ductor memory device in this embodiment, the selection tran-
sistor includes the first gate and the second gate.

Further, the memory cell in the example of the semicon-
ductor memory device 1n this embodiment includes the con-
ductive layer that serves as the second gate of the selection
transistor, 1s apart from the semiconductor layer serving as the
channel formation layer of the output transistor, and 1s formed
using the same material as the semiconductor layer.

With the above structure, the threshold voltage of the selec-
tion transistor 1s adjusted as necessary so that the amount of
current flowing between the source and the drain of the selec-
tion transistor 1 an oif state can be reduced as much as
possible. Thus, a data retention period 1n the memory cell can
be lengthened.

In addition, with the above structure, voltage necessary for
writing and reading data can be made lower than that of a
conventional semiconductor memory device; thus, power
consumption can be reduced.

Further, with the above structure, data can be written by
input of a data signal to a gate of the output transistor; thus,
data writable frequency can be increased.

Furthermore, with the above structure, the semiconductor

layer serving as the channel formation layer of the output
transistor and the conductive layer serving as the second gate
of the selection transistor can be formed concurrently with the
use of the layer of the same material 1n the same step. Thus,
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the mcrease 1n the number of manufacturing steps and the
increase in manufacturing cost can be suppressed.

Embodiment 3

In this embodiment, an example of a NAND-type semicon-
ductor memory device 1s described as an example of the
semiconductor device 1n the above embodiment.

An example of a semiconductor memory device 1n this
embodiment includes a memory cell array including a plural-
ity ol memory cells arranged 1n matrix of I rows (I 1s a natural
number of 2 or more) and J columns (J 1s a natural number).
The memory cell corresponds to the memory circuit 1n the
semiconductor memory device in the above embodiment.

An example of the memory cell array 1n the semiconductor
memory device in this embodiment 1s described with refer-

ence to FIGS. 8A and 8B.

First, an example of the circuit structure of the memory cell
array 1n the semiconductor memory device in this embodi-
ment 1s described with reference to FIG. 8A.

The memory cell array illustrated 1n FIG. 8A 1ncludes a
plurality of memory cells 300 that are arranged 1n matrix of 1
rows (11s a natural number of 3 or more) and j columns (j 1s a
natural number of 3 or more), 1 word lines WL (word lines
WL_1to WL _1), 1 capacitor lines CL (capacitor lines CL_1 to
CL_1), 1 gate lines BGL (gate lines BGL_1 to BGL_j), 7 bat
lines BL (b1t lines BL._1 to BL_j), a source signal line SL, a
selection line SEL_A, a selection line SEL_B, 7 transistors
301 (transistors 301_1 to 301_ /), and j transistors 302 (tran-
sistors 302_1 to 302_ ;). Note that in the semiconductor
memory device in this embodiment, the selection line
SEL, A, the selection line SEL, B, the 1 transistors 301, and
the 1 transistors 302 are not necessarily provided.

One of a source and a drain of the transistor 301_N (N 1s a
natural number of ] or less) 1s connected to the bit line BL_N,
and a gate of the transistor 301_N 1s connected to the selection
line SEL._A.

The memory cell 300 1n an M-th row (M 1s a natural
number of 1 or less) and an N-th column (such a memory cell
1s referred to as a memory cell 300 (M, N)) includes a tran-
sistor 311 (M, N), a capacitor 313 (M, N), and a transistor 312
(M, N).

The transistor 311 (M, N) 1s an n-channel transistor, which

includes a source, a drain, a first gate, and a second gate.

The first gate of the transistor 311 (M, N) 1s connected to
the word line WL_M. The second gate of the transistor 311
(M, N) 1s connected to the gate line BGL_N.

In the memory cells 300 1n a first row (the memory cells
300 (1, 1) to 300 (7, 1)), one of a source and a drain of the
transistor 311 (1, N) 1s connected to the bit line BLL_N.

In the memory cells 300 1n a K-th row (K 1s a natural
number of 2 or more and (1-1) or less) (the memory cells 300
(K, 1) to 300 (K, 7)), one of a source and a drain of the
transistor 311 1s connected to the other of the source and the
drain of the transistor 311 1n memory cells n a (K-1)th row
(the memory cells 300 (K-1, 1) to 300 (K-1, 1)).

In the memory cells 300 1n the 1-th row (the memory cells
300 (,1)to 300 (i, j)), one of the source and the drain of the
transistor 311 is connected to the other of the source and the
drain of the transistor 311 1n memory cells 1n an (1-1)th row
(the memory cells 300 (i-1, 1) to 300 (i-1, 1)).

The transistor 311 (M, N) serves as a selection transistor in
the memory cell 300 (M, N). Note that 1n the semiconductor
memory device 1in this embodiment, the transistor 311 does
not always need to be an n-channel transistor.
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Asthetransistor 311 (M, N), a transistor including an oxide
semiconductor layer that can be used as the transistor 111 1n
the semiconductor device in Embodiment 1 can be used, for
example.

The transistor 312 (M, N) 1s an n-channel transistor. Note
that in the semiconductor memory device 1n this embodiment,
the transistor 312 does not always need to be an n-channel
transistor.

A gate of the transistor 312 (M, N) 1s connected to the other
of the source and the drain of the transistor 311 (M, N).

In the memory cells 300 1n the first row (the memory cells
300 (1, 1) to 300 (i, 1)), one of a source and a drain of the
transistor 312 (1, N) 1s connected to the other of the source
and the drain of the transistor 301 N.

In the memory cells 300 1n the K-th row (the memory cells
300 (K, 1) to 300 (K, 7)), one of a source and a drain of the
transistor 312 i1s connected to the other of the source and the
drain of the transistor 312 in memory cells 1n the (K-1)th row
(the memory cells 300 (K-1, 1) to 300 (K-1, 1)).

In the memory cells 300 1n the 1-th row (the memory cells
300 (i, 1) to 300 (i, j)), one of the source and the drain of the
transistor 312 1s connected to the other of the source and the
drain of the transistor 312 1n memory cells 1n the (1-1)th row
(the memory cells 300 (i-1, 1) to 300 (i-1,1)).

The transistor 312 (M, N) serves as an output transistor in
the memory cell 300 (M, N).

As the transistor 312 (M, N), a transistor including a semi-
conductor layer containing a semiconductor belonging to
Group 14 (e.g., silicon) that can be used as the transistor 112
in the semiconductor device in Embodiment 1 can be used.

A first capacitor electrode of the capacitor 313 (M, N) 1s
connected to the capacitor line CL_M. A second capacitor
clectrode of the capacitor 313 (M, N)1s connected to the other
of the source and the drain of the transistor 311 (M, N).

The capacitor 313 (M, N) serves as a storage capacitor.

One of a source and a drain of the transistor 302 N 1s
connected to the other of the source and the drain of the
transistor 312 (i, N) in the memory cells 300 in the 1-th row
(the memory cells 300 (i, 1) to 300 (i, j)). The other of the
source and the drain of the transistor 302 N 1s connected to
the source line SL.

The voltage of the word lines WL _1 to WL _11s controlled
by, for example, a driver circuit including a decoder.

The voltage of the bit lines BL_1 to BL_j 1s controlled by,
for example, a driver circuit including a decoder.

The voltage of the capacitor lines CL_1 to CL_1 1s con-
trolled by, for example, a driver circuit including a decoder.

The voltage of the gate lines BGL_1 to BGL_j1s controlled
by, for example, a gate line driver circuit.

The gate line driver circuit 1s formed using, for example, a
circuit that includes a diode and a capacitor. In that case, a first
capacitor electrode of the capacitor 1s electrically connected
to an anode of the diode and the gate line BGL.

Further, an example of a method for driving the memory
cell array 1 FIG. 8A 1s described with reference to FIG. 8B.
FIG. 8B 1s a timing chart 1llustrating an example of a method
for driving the memory cell array in FIG. 8 A. Here, the case
where data 1s written to the memory cell 300 (1, 1) in the first
row and the first column and the memory cell 300 (2, 2) 1n the
second row and a second column and then the data written 1s
read 1s described as an example. Note that 1n the timing chart
in F1G. 8B, the voltage Vh 1s higher than the threshold voltage
of the transistor 311.

First, as illustrated by a period t31 1n FIG. 8B, the voltage
of the word lines WL, 1 and word line WL 2 1s set to the
voltage Vh, the voltage of the selection line SEL_A 1s set
equal to the ground potential GND that 1s a reference poten-
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tial, and the voltage of the selection line SEL_B 1s set to the
voltage Vh. At this time, the voltage of the word lines WL
other than the word line WL 1 and word line WL 2 1s set
equal to the ground potential GND, and the voltage of the
capacitor lines CL_1 to CL_11s set equal to the ground poten-
tial GND. Further, the voltage of the source line SL 1s set

equal to the ground potential GND.

At this time, the transistors 311 (1, 1) to 311 (1, ;) are turned
on in the memory cells 300 1n the first row (the memory cells
300(1,1)to 300 (1,/)), and the transistors 311 (2, 1) to 311 (2,
7) are turned on 1n the memory cells 300 1n the second row (the
memory cells 300 (2, 1) to 300 (2, 7)).

When the transistors 311 (1, 1) to 311 (1, ;) and the tran-
sistors 311 (2, 1) to 311 (2, ;) are on, a memory data signal 1s

input from the bit line BL_2 to the gate of the transistor 312

(2, 2) and a second capacitor electrode of the capacitor 313 (2,
2) through the transistor 311 (1, 2) and the transistor 311 (2,
2). At this time, the voltage of the gate of the transistor 312 (2,
2) and the voltage of the second capacitor electrode of the
capacitor 313 (2, 2) have the same level as the voltage of the
memory data signal input, and the memory cell 300 (2, 2) in
the second row and the second column 1s set to be 1n a write
state. Here, the voltage of the bit line BL_2 1s the voltage Vh,
as an example.

After data 1s written to the memory cells 300 1n the second
row (including the memory cell 300 (2, 2) 1n the second row
and the second column), the voltage of the word line WL_2 1s
set equal to the ground potential GND. At this time, the
voltage of the word lines WL _3 to WL _11s equal to the ground
potential GND, and the voltage of the capacitor lines CL_1 to
CL_1 1s equal to the ground potential GND. In addition, the
voltage of the gate line BGL_2 in the second row 1s set to V1.

At this time, the transistors 311 (2,1)to 311 (2, ) are turned
oil. In addition, the threshold voltage of the transistors 311 (2,
1)to 311 (2, ;) has a positive level. Thus, the voltage of second
capacitor electrodes of the capacitors 313 (2, 1) to 313 (2, j)
and the voltage of gates of the transistors 312 (2, 1) to 312 (2,
7) are held for a certain period.

Next, as illustrated by a period t32 1 FIG. 8B, the voltage
of the word line WL _1 1s setto the voltage Vh. At this time, the
voltage of the word lines WL other than the word line WL_1
and the voltage of the capacitor lines CL_1 to CL_1 are set
equal to the ground potential GND.

At this time, 1n the memory cells 300 in the first row (the
memory cells 300 (1, 1) to 300 (1, 7)), the transistors 311 (1,
1)to 311 (1, ;) are turned on.

When the transistors 311 (1, 1) to 311 (1, j) are on, a
memory data signal 1s input from the bit line BL_1 to the gate
of the transistor 312 (1, 1) and a second capacitor electrode of
the capacitor 313 (1, 1) through the transistor 311 (1, 1). At
this time, the voltage of the gate of the transistor 312 (1, 1) and
the voltage of the second capacitor electrode of the capacitor
313 (1, 1) have the same level as the voltage of the memory
data signal input, and the memory cell 300 (1, 1) in the first
row and the first column 1s set to be 1n a write state. Here, the
voltage of the bit line BL_1 1n the first row 1s the voltage Vh,
as an example.

After data 1s written to the memory cells 300 1n the first row
(1including the memory cell 300 (1, 1) 1n the first row and the
first column), the voltage of the word line WL_1 1s set equal
to the ground potential GND. At thus time, the voltage of the
word lines WL other than the word line WL _1 1s equal to the
ground potential GND, and the voltage of the capacitor lines
CL_1 to CL_1 1s equal to the ground potential GND. In
addition, the voltage of the gate line BGL _1 1n the first row 1s
set to the voltage V1.
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Atthis time, the transistors 311 (1, 1) to 311 (1, /) are turned
off. In addition, the threshold voltage of the transistors 311 (1,
1)to 311 (1, ;) has a positive level. Thus, the voltage of second
capacitor electrodes of the capacitors 313 (1, 1) to 313 (1, j)
and the voltage of gates of the transistors 312 (1, 1) to 312 (1,

7) are held for a certain period.

Further, as illustrated by a period t33 1n FIG. 8B, the
voltage of the capacitor line CL_1 1s set equal to the ground

potential GND, the voltage of the selection line SEL_A 1s set

to the voltage Vh, and the voltage of the selection line SEL_B
1s set to the voltage Vh. At this time, the voltage of the word
lines WL _1 to WL_11s setequal to the ground potential GND,
and the voltage of the capacitor lines CL other than the
capacitor line CL_1 1s set to the voltage Vh. Further, the
voltage of the source line SL 1s equal to the ground potential
GND. Note that before the period t33, the voltage of the bit
line BL,_1 1s set to the voltage Vh.

At this time, 1n each of the memory cells 300 (1, 1) to (7, 1),
resistance between a source and a drain of the transistor 312
1s based on the voltage of the gate of the transistor 312.
Further, in each of the memory cells 300 (1, 1) to (i, 1), when
the transistor 312 1s turned on, the voltage of the bit line BL_1
1s set equal to the ground potential GND, the voltage of the bat
line BL,_1 1s output as data, and the data 1s read.

Next, as 1llustrated by a period t34 1n FIG. 8B, the voltage
of the capacitor line CL_2 1s set equal to the ground potential
GND, the voltage of the selection line SEL_A 1s set to the
voltage Vh, and the voltage of the selection line SEL._B 1s set
to the voltage Vh. At this time, the voltage of the word lines
WL_1 to WL_11s set equal to the ground potential GND, and
the voltage of the capacitor lines CL other than the capacitor
line CL_2 1s set to the voltage Vh. Further, the voltage of the
source line SL 1s equal to the ground potential GND. Note that
betore the period t34, the voltage of the bit line BL_2 1s set to
the voltage Vh.

At this time, 1n each of the memory cells 300 (1, 2) to (i, 2),
resistance between a source and a drain of the transistor 312
1s based on the voltage of the gate of the transistor 312.
Further, 1n each of the memory cells 300 (1, 2) to (i, 2), when
the transistor 312 1s turned on, the voltage of the bit line BL_2
1s set equal to the ground potential GND, the voltage of the bit
line BL._2 1s output as data, and the data 1s read. The above 1s
the example of the method for driving the memory cell array
in FIG. 8A.

Next, a structure example of the memory cell 300 1n the
memory cell array 1n FIG. 8A 1s described with reference to
FIGS. 9A and 9B. FIGS. 9A and 9B illustrate a structure
example of a memory cell 1 the semiconductor memory
device 1n this embodiment. FIG. 9A 1s a top view and FI1G. 9B
1s a cross-sectional view along line C-D in FIG. 9A. Note that
FIGS. 9A and 9B illustrate a structure example of two
memory cells.

The memory cell illustrated in FIGS. 9A and 9B includes a
semiconductor layer 352a, a semiconductor layer 3526, an
insulating layer 353, a conductive layer 354, an insulating
layer 355, a semiconductor layer 356, a conductive layer
357a, a conductive layer 357b, an insulating layer 358, a
conductive layer 3594, a conductive layer 3595, an insulating
layer 360, and a conductive layer 361. Note that the semicon-
ductor memory device 1n this embodiment does not necessar-
1ly include the mnsulating layer 355.

Each of the semiconductor layers 352q and 3525 1s formed
over one surface of a substrate 350 with an 1nsulating layer
351 provided therebetween.

As the substrate 350, a substrate which can be used as the
substrate 150 in Embodiment 1 can be used.
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As the msulating layer 351, a layer formed using a material
that can be used for the insulating layer 251 1n Embodiment 2
can be used. Note that the mnsulating layer 351 can be a stack
of layers formed using materials that can be used for the
insulating layer 351.

The semiconductor layer 352a has a pair of impurity
regions. The semiconductor layer 352a has a channel forma-
tion region between the pair of impurity regions. A plurality
of impurity regions with different concentrations of impurity
clements may be provided 1n the semiconductor layer 352a.

In addition, in the memory cells arranged 1n the same row,
the semiconductor layers 352a are formed using the same
layer.

The semiconductor layer 352a serves as a channel forma-
tion layer of a transistor that serves as an output transistor in
a source line and each memory cell.

The semiconductor layer 3525 contains the same impurity
clement as the impurity region in the semiconductor layer
352a. The semiconductor layer 3525 1s apart from the semi-
conductor layer 352a. Note that the semiconductor layer 3525
contains impurity elements imparting conductivity such that
it can serve as a conductive layer and thus can be regarded as
a conductive layer.

The semiconductor layer 3525 serves as a second gate of a
transistor that serves as a selection transistor in the gate line
BGL and each memory cell.

As the semiconductor layer 352a and the semiconductor
layer 3525, a layer formed using a material that can be used
for the semiconductor layer 152a and the semiconductor
layer 15256 1n Embodiment 1 can be used, for example.

The insulating layer 353 1s provided over the semiconduc-
tor layer 352a and the semiconductor layer 35254.

The msulating layer 353 serves as a gate insulating layer of
a transistor that serves as an output transistor in each memory
cell.

As the msulating layer 353, a layer formed using a material
that can be used for the insulating layer 151 1n Embodiment 1
can be used, for example. Alternatively, the insulating layer
353 can be a stack of layers formed using materials that can be
used for the msulating layer 151.

The conductive layer 354 overlaps with the semiconductor
layer 352a (1including the channel formation region) with the
insulating layer 353 provided therebetween. Note that a side
surface of the conductive layer 354 may be tapered. When the
side surface of the conductive layer 354 1s tapered, formation
of an upper layer can be facilitated.

The conductive layer 354 serves as a gate of a transistor that
serves as an output transistor 1n the memory cell.

As the conductive layer 354, a layer formed using a mate-
rial that can be used for the conductive layer 154 1n Embodi-
ment 1 can be used. Alternatively, the conductive layer 354
can be a stack of layers formed using materials that can be
used for the conductive layer 354.

The msulating layer 35S 1s provided over the insulating
layer 353. With provision of the insulating layer 355, for
example, an uneven portion due to the conductive layer 354
can be flattened and formation of a layer 1n an upper portion
1s facilitated.

As the msulating layer 355, a layer formed using a material
that can be used for the insulating layer 151 1n Embodiment 1
can be used, for example. Alternatively, the msulating layer
355 can be a stack of layers formed using materials that can be
used for the msulating layer 355. For example, the insulating
layer 355 can be formed using a stack of a silicon oxynitride
layer, a silicon nitride oxide layer, and a silicon oxide layer.
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The semiconductor layer 356 overlaps with the semicon-
ductor layer 35256 with the msulating layer 353 and the 1nsu-
lating layer 355 provided therebetween.

The semiconductor layer 356 serves as a channel formation
layer of a transistor that serves as a selection transistor in the
memory cell.

As the semiconductor layer 356, a layer formed using a
material that can be used for the semiconductor layer 156 in
Embodiment 1 can be used, for example.

The conductive layer 357a 1s electrically connected to the
semiconductor layer 356.

In the memory cells arranged 1n the same column, the
conductive layer 357a of the memory cell in a k-th row (k 1s
a natural number of 2 or more and I or less) 1s electrically
connected to the semiconductor layer 356 of the memory cell
in a (k—1)th row. Thus, the number of wirings can be reduced,
so that the area of the semiconductor memory device can be
made small. Note that the semiconductor memory device in
this embodiment 1s not necessarily limited to this.

The conductive layer 357a serves as one of a source and a
drain of the transistor that serves as the selection transistor 1n
the memory cell.

The conductive layer 3575 1s electrically connected to the
conductive layer 354 and the semiconductor layer 356. With
a structure where the conductive layer 3575 1s in contact with
the conductive layer 354, a contact area can be made larger
than a contact area at the time when the conductive layer 3575
1s electrically connected to the conductive layer 354 through
an opening in an insulating layer. Thus, contact resistance can
be reduced.

The conductive layer 3575 serves as the other of the source
and the drain of the transistor that serves as the selection
transistor 1n the memory cell and also serves as a second
capacitor electrode of a capacitor that serves as a storage
capacitor in the memory cell.

As the conductive layer 357a and the conductive layer
357b, a layer formed using a material that can be used for the
conductive layer 157q and the conductive layer 1576 1n
Embodiment 1 can be used, for example. Alternatively, the
conductive layer 357a and the conductive layer 357bcanbe a
stack of layers formed using materials that can be used for the
conductive layer 3574 and the conductive layer 357b.

The insulating layer 358 1s formed over the semiconductor
layer 356, the conductive layer 3574, and the conductive layer
3576.

The insulating layer 358 serves as a gate insulating layer of
the transistor that serves as the selection transistor in the
memory cell and also serves as a dielectric layer of the capaci-
tor that serves as the storage capacitor in the memory cell.

As the msulating layer 358, an insulating layer formed
using a material that can be used for the isulating layer 158
in Embodiment 1 can be used. Alternatively, the msulating
layer 358 can be a stack of layers formed using materials that
can be used for the insulating layer 158.

The conductive layer 359qa overlaps with the conductive
layer 357a with the insulating layer 358 provided therebe-
tween.

The conductive layer 359q serves as a first capacitor elec-
trode of the capacitor that serves as the storage capacitor in
the memory cell.

The conductive layer 35395 overlaps with the semiconduc-
tor layer 356 with the insulating layer 358 provided therebe-
tween.

The semiconductor layer 3395 serves as a first gate of a
transistor that serves as a selection transistor 1n the word line
WL and the memory cell.
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As the conductive layer 359q and the conductive layer
359b, a layer formed using a material that can be used for the
conductive layer 159 in Embodiment 1 can be used. Alterna-
tively, the conductive layer 359a and the conductive layer
35956 can be a stack of layers formed using materials that can
be used for the conductive layer 3594 and the conductive

layer 359b.
The insulating layer 360 1s formed over the insulating layer

358, the conductive layer 359a, and the conductive layer
3595.

As the msulating layer 360, a layer formed using a material
that can be used for the insulating layer 355 can be used, for
example. Alternatively, the insulating layer 360 can be a stack
of layers formed using materials that can be used for the
insulating layer 360.

The conductive layer 361 1s in contact with the conductive
layer 3575 through an opening formed 1n the mnsulating layer
358 and the msulating layer 360 and 1s in contact with the
impurity region in the semiconductor layer 352a through an
opening formed in the insulating layer 333, the insulating
layer 3535, the msulating layer 338, and the insulating layer
360.

The conductive layer 361 serves as the bit line BL 1n the
memory cell.

As the conductive layer 361, a layer formed using a mate-
rial that can be used for the conductive layer 354 can be used,
for example. Alternatively, the conductive layer 361 can be a
stack of layers formed using materials that can be used for the
conductive layer 361.

An msulating layer may be provided over the conductive
layer 361, and a different conductive layer that 1s electrically
connected to the conductive layer 361 through an opening
formed 1n the nsulating layer may be provided over the
insulating layer.

Note that 1n the memory cell of the semiconductor memory
device 1n this embodiment, the level of voltage applied to the
second gate or the thickness of the insulating layer 355 1s set
as appropriate so that the level of the threshold voltage of the
transistor serving as the selection transistor can be changed
into a desired level as necessary.

Next, an example of a method for manufacturing the
memory cell in FIGS. 9A and 9B 1s described with reference
to FIGS. 10A to 10D, FIGS. 11A to 11C, FIGS. 12A to 12C,
and FIGS. 13A to 13C. FIGS. 10A to 10D, FIGS. 11A to 11C,
FIGS. 12A to 12C, and FIGS. 13 A to 13C are cross-sectional
views illustrating an example of the method for manufactur-
ing the memory cell in FIGS. 9A and 9B.

First, as 1llustrated 1n FIG. 10A, the substrate 350 is pre-
pared, the insulating layer 351 1s formed over one surface of
the substrate 350, and a semiconductor layer 342 1s formed
over the one surface of the substrate 350 with the msulating
layer 351 provided therebetween. Note that an oxide insulat-
ing layer or a nitride insulating layer may be formed over the
substrate 350 in advance.

For example, the insulating layer 351 and the semiconduc-
tor layer 342 can be formed over the substrate 350 by a
method that 1s the same as the method for forming the 1nsu-
lating layer 251 and the semiconductor layer 242 over one
surtace of the substrate 250 1n Embodiment 2.

Note that after the semiconductor layer 342 1s formed, an
impurity element imparting p-type or n-type conductivity
may be added to the semiconductor layer 342. By addition of
the impurity element imparting p-type or n-type conductivity
to the semiconductor layer 342, the threshold voltage of the
transistor including the semiconductor layer 342 can be easily
controlled.
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Without limitation to the above formation method, the
semiconductor layer 342 may be formed by formation of a
polycrystalline, microcrystalline, or amorphous semiconduc-
tor layer over the msulating layer 351 by CVD.

Next, as 1llustrated in FIG. 10B, by etching of part of the
semiconductor layer 342, a semiconductor layer 342a and a
semiconductor layer 3425 which are apart from each other are
formed.

Next, as illustrated 1n FIG. 10C, the insulating layer 353 1s
tormed over the semiconductor layer 342a and the semicon-
ductor layer 342b.

For example, the insulating layer 353 can be formed by
formation of a film formed using a material that can be used
for the insulating layer 353 by a method similar to the method
for forming the film that can be used for the insulating layer
253. Alternatively, the mnsulating layer 353 can be a stack of
layers formed using materials that can be used for the nsu-
lating layer 353.

Note that after the insulating layer 353 1s formed, an impu-
rity element imparting p-type or n-type conductivity may be
added to part of the semiconductor layer 342a and part of the
semiconductor layer 342b.

Then, as 1llustrated in FIG. 10D, a first conductive film 1s
tormed over at least part of the semiconductor layer 342a with
the msulating layer 353 provided therebetween and 1s partly
etched so that the conductive layer 354 1s formed.

For example, the first conductive film can be formed by
formation of a film formed using a material that can be used
tor the conductive layer 354 by sputtering. Alternatively, the
first conductive film can be a stack of films formed using
materials that can be used for the first conductive film.

Next, as illustrated in FIG. 11A, an impurity element
imparting p-type or n-type conductivity 1s added to the semi-
conductor layer 342a and the semiconductor layer 34256 with
the use of the conductive layer 354 as a mask so that a channel
formation region 1s formed to overlap with the conductive
layer 354 in the semiconductor layer 342a, impurity regions
are formed 1n a region other than that region, and an impurity
region 1s formed 1n the semiconductor layer 3425 so that the
semiconductor layer 352a and the semiconductor layer 3525
are formed.

Next, as illustrated in FIG. 11B, the insulating layer 355 1s
formed by formation of a third 1nsulating film over the 1nsu-
lating layer 333 and the conductive layer 354.

For example, the insulating layer 355 can be formed 1n such
a manner that a silicon oxynitride film 1s formed over the
insulating layer 353 and the conductive layer 354, a silicon

nitride oxide film 1s formed over the silicon oxynitride film,
and a silicon oxide film 1s formed over the silicon nitride
oxide film.

Then, as illustrated 1n FIG. 11C, an upper surface of the
conductive layer 354 1s exposed by removal of part of the
insulating layer 355.

For example, the upper surface of the conductive layer 354
can be exposed by removal of the part of the insulating layer
355 by CMP (chemical mechanical polishing) or etching.

For example, 1n the case where a silicon oxynitride film, a
silicon nitride oxide film, and a silicon oxide film are formed
in that order so that the msulating layer 353 1s formed, an
upper surface of the silicon nitride oxide film may be exposed
by CMP and an upper surface of the conductive layer 354 may
be exposed by dry etching.

Then, as illustrated 1n FIG. 12A, an oxide semiconductor
film 1s formed over the imsulating layer 355 and is partly
ctched so that the semiconductor layer 356 1s formed.

For example, the oxide semiconductor film can be formed
by formation of a film formed using an oxide semiconductor
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material that can be used for the semiconductor layer 356 by
sputtering. Note that the oxide semiconductor film may be
formed 1n a rare gas atmosphere, an oxygen atmosphere, or a
mixed atmosphere of a rare gas and oxygen. For example, by
formation of the oxide semiconductor film in an oxygen
atmosphere, a high-crystallinity oxide semiconductor film
can be formed.

The oxide semiconductor film can be formed using an
oxide target having a composition ratio of In,O,:Ga,O;:
/n0O=1:1:1 (in a molar rati0) as a sputtering target. Alterna-
tively, for example, the oxide semiconductor film may be
formed using an oxide target having a composition ratio of
In,05:Ga,0;:Zn0=1:1:2 (1in a molar ratio).

The proportion of the volume of a portion except for the
area ol a space and the like with respect to the total volume of
the oxide target (such a proportion 1s also referred to as
relative density) 1s preferably higher than or equal to 90% and
lower than or equal to 100%, more preferably higher than or
equal to 95% and lower than or equal to 99.9%.

When the oxide semiconductor film 1s formed by sputter-
ing, the substrate 350 may be kept under reduced pressure and
heated at 100 to 600° C., preferably 300 to 400° C. By heating
of the substrate 350, the impurity concentration 1n the oxide
semiconductor film can be lowered and damage to the oxide
semiconductor film caused by the sputtering can be reduced.

Then, as 1llustrated 1n FIG. 12B, a second conductive film
1s Tormed over the conductive layer 354, the insulating layer
355, and the semiconductor layer 356 and 1s partly etched so
that the conductive layer 3574 and the conductive layer 3575
are formed.

For example, the second conductive film can be formed by
formation of a film formed using a material that can be used
for the conductive layer 357a and the conductive layer 3575
by sputtering or the like. Alternatively, the second conductive
f1lm can be a stack of films formed using materials that can be
used for the conductive layer 357a and the conductive layer
3576.

Then, as illustrated 1n FI1G. 12C, the insulating layer 358 1s
formed to be 1n contact with the semiconductor layer 356.

Note that heat treatment may be performed at higher than
or equal to 400° C. and lower than or equal to 750° C., or
higher than or equal to 400° C. and lower than the strain point
of the substrate alter the oxide semiconductor film 1s formed,
alter part of the oxide semiconductor film 1s etched, atter the
second conductive film 1s formed, after part of the second
conductive film 1s etched, or after the insulating layer 358 1s
formed.

Note that as the heat treatment apparatus used for the heat
treatment, a heat treatment apparatus that can be applied to
the manufacturing method in Embodiment 2 can be used.

After the heat treatment, a high-purity oxygen gas, a high-
purity N,O gas, or ultra-dry air (with a dew point of —40° C.
or lower, preferably —60° C. or lower) may be introduced into
the furnace that has been used 1n the heat treatment while the
heating temperature 1s maintained or decreased. In that case,
it 1s preferable that water, hydrogen, and the like be not
contained 1n the oxygen gas or the N,O gas. The purity of the
oxygen gas or the N,O gas which 1s introduced 1nto the heat
treatment apparatus 1s preferably 6N or higher, more prefer-
ably 7N or higher. That 1s, the impurity concentration in the
oxygen gas or the N,O gas 1s 1 ppm or lower, preferably 0.1
ppm or lower. By the action of the oxygen gas or the N,O gas,
oxygen 1s supplied to the semiconductor layer 356, so that
defects caused by oxygen deficiency in the semiconductor
layer 356 can be reduced.

Further, in addition to the heat treatment, after the insulat-
ing layer 358 1s formed, heat treatment (preferably at 300 to
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400° C., for example, 300 to 350° C.) may be performed 1n an
inert gas atmosphere or an oxygen gas atmosphere.

Further, oxygen doping treatment using oxygen plasma
may be performed after the formation of the msulating layer
358, after the formation of the oxide semiconductor film, after
the formation of the conductive layer serving as the source or
the drain of the transistor that serves as the selection transis-
tor, aiter the formation of the insulating layer, or after the heat
treatment. For example, oxygen doping treatment may be
performed using a high-density plasma of 2.45 GHz. Alter-
natively, the oxygen doping treatment may be performed by
ion 1implantation or 1on doping.

For example, 1n the case where an insulating layer contain-
ing gallium oxide 1s formed as the msulating layer 358, oxy-
gen 1s supplied to the insulating layer, so that the composition
of galllum oxide can be GaO_.

Alternatively, in the case where an isulating layer con-
taining aluminum oxide 1s formed as the mnsulating layer 358,
oxygen 1s supplied to the msulating layer, so that the compo-
sition of aluminum oxide can be AlO,.

Alternatively, in the case where an insulating layer con-
taining gallium aluminum oxide or aluminum gallium oxide
1s formed as the insulating layer 358, oxygen 1s supplied to the
insulating layer, so that the composition of galllum aluminum
oxide or aluminum gallium oxide can be Ga Al,_ O, _,.

Through the steps, an impurity such as hydrogen, moisture,
a hydroxyl group, or hydride (also referred to as a hydrogen
compound) 1s removed from the semiconductor layer 356 and
oxygen 1s supplied to the semiconductor layer 356. Thus, the
semiconductor layer 356 can be highly purified.

Then, as 1llustrated 1n FIG. 13 A, a third conductive film 1s
formed over the insulating layer 358 and 1s partly etched so
that the conductive layer 359q and the conductive layer 3595
are Tormed.

For example, the third conductive film can be formed by
formation of a film formed using a material that can be used
tor the conductive layer 359a and the conductive layer 35956
by sputtering. Alternatively, the third conductive film can be
a stack of films formed using materials that can be used for the
conductive layer 359a and the conductive layer 3595b.

Next, as illustrated in FIG. 13B, the insulating layer 360 1s
formed by formation of a fifth insulating film over the 1nsu-
lating layer 338, the conductive layer 3594, and the conduc-
tive layer 359b.

For example, the fifth msulating film can be formed by
formation of a film formed using a material that can be used
tor the msulating layer 360 by sputtering, plasma-enhanced
CVD, or the like.

Then, as illustrated 1n FIG. 13C, the conductive layer 361
1s formed over the insulating layer 360. At this time, an
opening 1s provided to be 1n contact with the conductive layer
361 and the impurity region in the semiconductor layer 352a
of the memory cell 1n the first row and the same column.

For example, a fourth conductive film can be formed by
formation of a film formed using a material that can be used
for the conductive layer 361 by sputtering or the like. Alter-
natively, the fourth conductive film can be a stack of films
formed using materials that can be used for the conductive
layer 361. The above 1s the example of the method for manu-
facturing the memory cell in FIGS. 9A and 9B.

Asdescribed with reference to FIGS. 8A and 8B, FIGS. 9A
and 9B, FIGS. 10A to 10D, FIGS. 11A to 11C, FIGS. 12A to
12C, and FIGS. 13A to 13C, the example of the semiconduc-
tor memory device in this embodiment has a memory cell
array 1including a plurality of memory cells.

The memory cell 1n the example of the semiconductor
memory device in this embodiment includes at least the selec-
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tion transistor and the output transistor that are field-etiect
transistors and the storage capacitor.

The selection transistor includes an oxide semiconductor
layer 1n which a channel 1s formed. The oxide semiconductor
layer 1n which a channel 1s formed 1s an oxide semiconductor
layer which 1s made to be intrinsic (1-type) or substantially
intrinsic (1-type) by purification. By purnification of the oxide
semiconductor layer, the carrier concentration in the oxide
semiconductor layer can be lower than 1x10"#/cm”, prefer-
ably lower than 1x10'*/cm’®, more preferably lower than
1x10"/cm?, so that changes in characteristics due to tem-
perature change can be suppressed. Further, with the above
structure, off-state current per micrometer of channel width
canbe 10aA (1x107'" A)orless, 1 aA (1x107'® A) or less, 10
zA (1x107°° A) or less, 1 zA (1x107>" A) or less, or 100 yA
(1x1072 A) or less. It is preferable that the off-state current of
the transistor be as low as possible. The lower limit of the
off-state current per micrometer of channel width of the tran-
sistor in this embodiment is estimated at about 107" A/um.

In addition, the concentration of an alkali metal contained
in the oxide semiconductor layer in which a channel 1s formed
1s preferably low. For example, in the case where sodium 1s
contained 1n the oxide semiconductor layer 1n which a chan-
nel 1s formed, the concentration of sodium contained in the
oxide semiconductor layer in which a channel 1s formed 1s
5x10'°/cm’ or lower, preferably 1x10'°/cm” or lower, more
preferably 1x10">/cm” or lower. For example, in the case
where lithium 1s contained in the oxide semiconductor layer
in which a channel i1s formed, the concentration of lithium
contained 1n the oxide semiconductor layer 1n which a chan-
nel is formed is 5x10*°/cm” or lower, preferably 1x10*>/cm”
or lower. For example, 1n the case where potassium 1s con-
tained 1n the oxide semiconductor layer in which a channel 1s
formed, the concentration of potassium contained 1n the oxide
semiconductor layer in which a channel is formed is 5x10">/
cm® or lower, preferably 1x10">/cm” or lower. For example,
in the case where an msulating layer which 1s in contact with
the oxide semiconductor layer 1s an oxide, sodium diffuses
into the oxide msulating layer and causes deterioration of a
transistor (e.g., a shiit in threshold voltage or a decrease 1n
mobility). Further, sodium also causes variation of character-

1stics of plural transistors. Thus, the decrease 1n the concen-
tration of an alkali metal contained in the oxide semiconduc-
tor layer in which a channel 1s formed leads to suppression of
deterioration of transistor characteristics due to the alkali
metal.

Further, in the memory cell in the example of the semicon-
ductor memory device 1n this embodiment, the selection tran-
sistor includes the first gate and the second gate.

Further, the memory cell 1n the example of the semicon-
ductor memory device in this embodiment includes the con-
ductive layer that serves as the second gate of the selection
transistor, 1s apart {from the semiconductor layer serving as the
channel formation layer of the output transistor, and 1s formed
using the same material as the semiconductor layer.

With the above structure, the threshold voltage of the selec-
tion transistor 1s adjusted as necessary so that the amount of
current flowing between the source and the drain of the selec-
tion transistor i an oil state can be reduced as much as
possible. Thus, a data retention period 1n the memory cell can
be lengthened.

In addition, with the above structure, voltage necessary for
writing and reading data can be made lower than that of a
conventional semiconductor memory device; thus, power
consumption can be reduced.
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Further, with the above structure, data can be written by
input of a data signal to a gate of the output transistor; thus,

data writable frequency can be increased.

Furthermore, with the above structure, the semiconductor
layer serving as the channel formation layer of the output
transistor and the conductive layer serving as the second gate
ol the selection transistor can be formed concurrently with the
use of the layer of the same material 1n the same step. Thus,
the increase in the number of manufacturing steps and the
increase 1 manufacturing cost can be suppressed.

Embodiment 4

In this embodiment, a structure example of the gate line
driver circuit in the semiconductor memory device in the
above embodiment 1s described.

An example of the circuit structure of a gate line driver
circuit 1n this embodiment 1s described with reference to FIG.
14.

The gate line driver circuit 1llustrated 1n FIG. 14 includes
s-stage (s 1s a natural number of 2 or more and 1 or less) unit
gate line driver circuits.

The unit gate line driver circuit 1n a z-th stage (z 1s a natural
number of 2 or more and s or less) includes a transistor 511__~
and a capacitor 512_ z.

Voltage VC 1s selectively mput to one of a source and a
drain of the transistor 311__z. The other of the source and the
drain of the transistor 511_ z 1s connected to a gate of the
transistor 511__z.

The transistor 511z serves as a diode. In that case, the one
ol the source and the drain of the transistor 511__z 1s a cath-
ode, and the other of the source and the drain of the transistor
511_ z 1s an anode.

Note that as the transistor 511z, a transistor that includes
a first gate and a second gate can be used. In that case, the
other of the source and the drain of the transistor 511_ z 1s
connected to the first gate and the second gate of the transistor
511_ =z

A first capacitor electrode of the capacitor 312_ z 1s con-
nected to the other of the source and the drain of the transistor
511_z. The ground potential GND 1s mput to a second
capacitor electrode of the capacitor 312 .

In the unit gate line driver circuit, the other of the source
and the drain of the transistor 511__z1s electrically connected
to different gate lines BGL 1n I gate lines BGL. For example,
in the unit gate line driver circuit 1n a first stage, the other of
the source and the drain of a transistor 511 1 1s connected to
gate lines BGL_1 to BGL_p (p 1s a natural number of 3 or
more and (1-2) or less) 1n first to p-th rows, and 1n the unit gate
line driver circuit 1n an s-th stage, the other of the source and
the drain of a transistor 511__s 1s connected to gate lines
BGL_p(s-1)+1 to BGL_11n (p(s—1)+1)th to 1-th rows.

In the case where the voltage of the gate line BGL to which
the transistor 1s connected 1s higher than the voltage VC by a
certain amount, current flows from the gate line BGL through
the source and the drain of the transistor 511 z. Thus, the
voltage of the gate line BGL 1s set at voltage which 1s higher
than the voltage VC by the threshold voltage of the transistor
511__z. When the voltage of the gate line BGL can be set
much lower than the voltage of a source of a selection tran-
s1stor 1n a memory cell, the threshold voltage of the selection
transistor 1s shifted positively. Accordingly, the retention
characteristics of the memory cell can be improved.

Note that in the case where supply of the voltage VC to the
gate line driver circuit 1s stopped and the voltage of the gate
line BGL 1s lower than the voltage VC, reverse biased voltage
1s applied to the transistor 511_ z. Thus, current flowing
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through the transistor 311_ 7 1s only ofi-state current. Elec-
tricity 1s stored in the capacitor 512 z with this off-state
current, and the voltage of the gate line BGL increases over
time. Then, the voltage Vgs of the selection transistor in the
memory cell decreases; thus, 1t 1s 1mpossible to shift the
threshold voltage of the transistor. However, since the capaci-
tor 512__ z can be provided outside a cell array, larger capaci-
tance can be secured as compared to a storage capacitor in the
memory cell. Accordingly, even when the supply of the volt-
age VC to one of the source and the drain of the transistor
511_1 1s stopped for a certain period, data written to each
memory cell can be retained.

As described with reference to FIG. 14, the example of the
gate line driver circuit in this embodiment includes multistage
umt gate line driver circuits. The multistage umit gate line
driver circuits each include a diode-connected transistor and
a capacitor. With such a structure, even when supply of volt-
age to the gate line driver circuit 1s temporarily stopped, the
voltage of the gate line BGL can be held for a certain period.

Embodiment 5

In this embodiment, a structure example of a semiconduc-
tor memory device 1s described.

First, a structure example of a semiconductor memory
device 1n this embodiment 1s described with reference to FIG.
15. FIG. 15 1s a block diagram 1llustrating a structure example
of the semiconductor memory device 1n this embodiment.

The semiconductor memory device illustrated 1n FIG. 15
includes a memory cell array (MCA) 812 including a plural-
ity of memory cells (MC) 811, a first driver circuit (IDRV)
813_1, a second driver circuit (JDRV) 813_2, and a drive
control circuit (DCTL) 813_3.

As the structure of the memory cell array, the structure of
the memory cell array described 1n Embodiment 2 can be
used.

A row address signal 1s input to the first driver circuit
813 1. The first driver circuit 813 1 selects the word line WL
in accordance with the row address signal input and sets the
voltage of the word line WL. The first driver circuit 813_1
includes a decoder, for example. The decoder selects the word
line WL 1n accordance with the row address signal input. Note
that the semiconductor memory device in this embodiment
may include a plurality of first driver circuits 813_1.

A memory data signal and a column address signal are
input to the second driver circuit 813_2. The second driver
circuit 813_2 sets the voltage of the bit line BL. Further, the
second driver circuit 813_2 sets the voltage of the capacitor
line CL 1n accordance with a read signal and selectively reads
data stored 1n a memory cell 811. The second driver circuit
813_2 includes a decoder, a plurality of analog switches, a
read signal output circuit, and a read circuit, for example. The
decoder selects the bit line BL. The plurality of analog
switches determine whether the memory data signal 1s output
depending on a signal input from the decoder. The read signal
output circuit generates and outputs the read signal. The read
circuit reads the data stored 1n the selected memory cell 811
by the read signal.

A write control signal, a read control signal, and an address
signal are mput to the drive control circuit 813_3. The drive
control circuit 813_3 generates and outputs signals which
control the operation of the first driver circuit 813_1 and the
second driver circuit 813_2 1n accordance with the input write
control signal, read control signal, and address signal. For
example, the drive control circuit 813 _3 outputs a plurality of
row address signals to the first driver circuit 813_1 and a
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plurality of column address signals to the second driver cir-
cuit 813_2 in accordance with the address signal.

As described with reference to FI1G. 15, the example of the
memory device 1in this embodiment includes a memory cell
array including a plurality of memory cells, a first driver
circuit, a second driver circuit, and a drive control circuit.

With such a structure, data can be written to and read from
a predetermined memory cell.

Embodiment 6

In this embodiment, examples of electronic devices each
including the semiconductor memory device in the above
embodiment are described.

Structure examples of electronic devices 1n this embodi-
ment are described with reference to FIGS. 16A to 16D.

The electronic device illustrated 1n FIG. 16 A 1s an example
ol a personal digital assistant. The personal digital assistant
illustrated 1n FIG. 16A includes a housing 1001a and a dis-
play portion 1002a provided 1n the housing 1001a.

Note that a side surface 1003a of the housing 1001a may be
provided with a connection terminal for connecting the per-
sonal digital assistant to an external device and one or more
buttons for operating the personal digital assistant illustrated
in FIG. 16 A.

The personal digital assistant illustrated in FIG. 16A
includes a CPU, a memory circuit, an interface for transmit-
ting and recerving a signal between the external device and
cach of the CPU and the memory circuit, and an antenna for
transmitting and recerving a signal to and from the external
device, 1n the housing 1001a.

The personal digital assistant 1llustrated 1n FIG. 16 A serves
as one or more of a telephone set, an e-book reader, a personal
computer, and a game machine, for example.

The electronic device 1llustrated 1n FIG. 16B 1s an example
of a folding personal digital assistant. The personal digital
assistant illustrated 1n FIG. 16B includes a housing 10015, a
display portion 100256 provided in the housing 10015, a hous-

ing 1004, a display portion 1005 provided in the housing
1004, and a hinge 1006 for connecting the housing 10015 and

the housing 1004.

In the personal digital assistant 1llustrated 1n FIG. 16B, the
housing 10015 can be stacked on the housing 1004 by moving
the housing 10015 or the housing 1004 with the hinge 1006.

Note that a side surface 10035 of the housing 10015 or a
side surface 1007 of the housing 1004 may be provided with
a connection terminal for connecting the personal digital
assistant to an external device and one or more buttons for
operating the personal digital assistant illustrated in FIG.
16B.

The display portion 10025 and the display portion 1005
may display different images or one image. Note that the
display portion 1003 1s not necessarily provided, and a key-
board which 1s an input device may be provided instead of the
display portion 1005.

The personal digital assistant illustrated in FIG. 16B
includes a CPU, a memory circuit, and an interface for trans-
mitting and recerving a signal between the external device and
cach of the CPU and the memory circuit in the housing 100156
or the housing 1004. Note that the personal digital assistant
illustrated 1n FIG. 16B may includes an antenna for transmit-
ting and receiving a signal to and from the external device.

The personal digital assistant illustrated in F1G. 16B serves
as one or more of a telephone set, an e-book reader, a personal
computer, and a game machine, for example.

The electronic device 1llustrated 1n FIG. 16C 1s an example
of a stationary information terminal. The stationary informa-
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tion terminal 1llustrated in F1G. 16C includes a housing 1001 ¢
and a display portion 1002¢ provided in the housing 1001c.

Note that the display portion 1002¢ can be provided on a
deck portion 1008 in the housing 1001c.

The stationary information terminal illustrated 1n FIG. 16C
includes a CPU, a memory circuit, and an interface for trans-
mitting and recerving a signal between the external device and
cach of the CPU and the memory circuit in the housing 1001c.
Note that the stationary information terminal 1llustrated in
FIG. 16C may includes an antenna for transmitting and
receiving a signal to and from the external device.

Further, a side surface 1003¢ of the housing 1001¢ 1n the
stationary information terminal illustrated in FIG. 16C may
be provided with one or more of a ticketing portion that issues
a ticket or the like, a coin slot, and a bill slot.

The stationary information terminal illustrated in FIG. 16C
serves as an automated teller machine, an information com-
munication terminal (also referred to as a multimedia station)
for ordering a ticket or the like, or a game machine, for
example.

The electronic device 1llustrated 1n FI1G. 16D 1s an example
of a stationary information terminal. The stationary informa-
tion terminal 1illustrated in FIG. 16D includes a housing
10014 and a display portion 10024 provided 1n the housing
10014d. Note that a support for supporting the housing 10014
may also be provided.

Note that a side surface 10034 of the housing 10014 may be
provided with a connection terminal for connecting the sta-
tionary mnformation terminal to an external device and one or
more buttons for operating the stationary mnformation termi-
nal 1llustrated in FIG. 16D.

The stationary information terminal illustrated in F1G. 16D
includes a CPU, a memory circuit, and an interface for trans-
mitting and receiving a signal between the external device and
cach of the CPU and the memory circuit in the housing 10014.
Note that the stationary information terminal illustrated in
FIG. 16D may includes an antenna for transmitting and
receiving a signal to and from the external device.

The stationary information terminal illustrated 1n FIG. 16D
serves as a digital photoframe, a monitor, or a television set,
for example.

The semiconductor memory device 1n the above embodi-
ment 1s used as one memory circuit in an electronic device, for
example. For example, the semiconductor memory device 1n
the above embodiment is used as one of the memory circuits
in the electronic devices illustrated in FIGS. 16 A to 16D.

As described with reference to FIGS. 16 A to 16D, the
examples of the electronic devices in this embodiment each
include a memory circuit which includes the semiconductor
memory device 1n the above embodiments.

With such a structure, even when power 1s not supplied,
data in an electronic device can be retained for a certain
period. Thus, rehability can be improved and power con-
sumption can be reduced.

Further, without limitation to the structures illustrated in
FIGS. 16A to 16D, a portable semiconductor memory device
or the like provided with a connector can be manufactured

using the semiconductor memory device in the above
embodiment.

REFERENCE NUMERALS

111: transistor, 112: transistor, 130: curve, 131: curve, 150:
substrate, 131: isulating layer, 152a: semiconductor
layer, 152b: semiconductor layer, 153: insulating layer,
154: conductive layer, 155: insulating layer, 156: semicon-
ductor layer, 157a: conductive layer, 157b: conductive
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layer, 158: insulating layer, 159: conductive layer, 200:
memory cell, 211: transistor, 212: transistor, 213: capaci-
tor, 242: semiconductor layer, 242a: semiconductor layer,
242b: semiconductor layer, 250: substrate, 251: imnsulating,
layer, 252a: semiconductor layer, 25256: semiconductor
layer, 253: msulating layer, 254: conductive layer, 255:
insulating layer, 256: semiconductor layer, 257a: conduc-
tive layer, 257b: conductive layer, 258: insulating layer,
259a: conductive layer, 2595: conductive layer, 260: 1nsu-
lating layer, 261: conductive layer, 300: memory cell, 301:
transistor, 302: transistor, 311: transistor, 312: transistor,
313: capacitor, 342: semiconductor layer, 342a: semicon-
ductor layer, 342b6: semiconductor layer, 350: substrate,
351: insulating layer, 352a: semiconductor layer, 352b:
semiconductor layer, 353: msulating layer, 354: conduc-
tive layer, 355: msulating layer, 356: semiconductor layer,
357a: conductive layer, 3575: conductive layer, 358: 1nsu-
lating layer, 359a: conductive layer, 35956: conductive
layer, 360: msulating layer, 361: conductive layer, 511:
transistor, 312: capacitor, 811: memory cell, 812: memory
cell array, 813: circuit, 1001a: housing, 10015: housing,
1001c: housing, 10014: housing, 1002a: display portion,

100256: display portion, 1002¢: display portion, 10024

display portion, 1003a: side surface, 10035: side surface,

1003¢: side surface, 1003d: side surface, 1004: housing,

1005: display portion, 1006: hinge, 1007: side surface, and

1008: deck portion.

This application 1s based on Japanese Patent Application
serial No. 2010-247996 and Japanese Patent Application
serial No. 2010-247995 filed with Japan Patent Office on Nov.
5, 2010, the entire contents of which are hereby incorporated
by reference.

The mvention claimed 1s:

1. A semiconductor device comprising a memory circuit,

the memory circuit comprising:

a first transistor;

a second transistor:;

a first layer serving as a channel formation layer of the
second transistor;

a second layer formed using the same material and at the
same time as the first layer, wherein the second layer 1s
apart from the first layer and serves as a first gate of the
first transistor;

a first insulating layer over the first layer and the second
layer;

a first conductive layer overlapping with the first layer with
the first mnsulating layer provided therebetween;

a semiconductor layer overlapping with the second layer
with the first insulating layer provided therebetween;

a second conductive layer electrically connected to the
semiconductor layer;

a third conductive layer electrically connected to the first
conductive layer and the semiconductor layer;

a second sulating layer over the semiconductor layer, the
second conductive layer, and the third conductive layer;
and

a fourth conductive layer overlapping with the semicon-
ductor layer with the second insulating layer provided
therebetween, the fourth conductive layer serving as a
second gate of the first transistor,

wherein the first conductive layer 1s provided between the
first insulating layer and the third conductive layer.

2. The semiconductor device according to claim 1, wherein

the first layer and the second layer contain silicon and the
semiconductor layer 1s an oxide semiconductor layer.
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3. The semiconductor device according to claim 1, wherein
the second layer contains an impurity element imparting con-
ductivity.

4. The semiconductor device according to claim 3, wherein
the first layer includes a pair of impurity regions containing,
the impurity element.

5. The semiconductor device according to claim 1, wherein
the semiconductor layer 1s formed using a material different
from the material of the first layer, and wherein the semicon-

ductor layer serves as a channel formation layer of the first
transistor.

6. The semiconductor device according to claim 1, wherein
the third conductive layer 1s 1n contact with the first conduc-
tive layer.

7. The semiconductor device according to claim 1, wherein
the memory circuit further comprises a third insulating layer
over the second insulating layer and the fourth conductive
layer, and a fifth conductive layer over the third msulating
layer,

wherein the fifth conductive layer 1s electrically connected
to the first layer through a first opeming penetrating the
first to third nsulating layers, and 1s electrically con-
nected to the third conductive layer through a second
opening penetrating the second and third imsulating lay-
ers.

8. A semiconductor device comprising:

a plurality of memory cells arranged 1n I rows (I 1s a natural
number of 2 or more) and J columns (J 1s a natural
number), each the plurality of memory cells comprising:
a first transistor;

a second transistor;

a first layer serving as a channel formation layer of the
second transistor;

a second layer formed using the same material and at the
same time as the first layer, wherein the second layer
1s apart from the first layer and serves as a first gate of
the first transistor;

a first insulating layer over the first layer and the second
layer;

a first conductive layer overlapping with the first layer
with the first insulating layer provided therebetween;

a semiconductor layer overlapping with the second layer
with the first insulating layer provided therebetween;

a second conductive layer electrically connected to the
semiconductor layer;

a third conductive layer electrically connected to the first
conductive layer and the semiconductor layer;

a second 1nsulating layer over the semiconductor layer,
the second conductive layer, and the third conductive
layer; and

a fourth conductive layer overlapping with the semicon-
ductor layer with the second 1nsulating layer provided
therebetween, the fourth conductive layer serving as a
second gate of the first transistor,

wherein the first conductive layer 1s provided between
the first insulating layer and the third conductive
layer.

9. The semiconductor device according to claim 8, wherein
the first layer and the second layer contain silicon and the
semiconductor layer 1s an oxide semiconductor layer.

10. The semiconductor device according to claim 8,
wherein the second layer contains an impurity element
imparting conductivity.

11. The semiconductor device according to claim 10,
wherein the first layer includes a pair of impurity regions
containing the impurity element.
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12. The semiconductor device according to claim 8,
wherein the semiconductor layer 1s formed using a material
different from the matenal of the first layer, and wherein the
semiconductor layer serves as a channel formation layer of
the first transistor.

13. The semiconductor device according to claim 8,
wherein the third conductive layer 1s 1n contact with the first
conductive layer.

14. The semiconductor device according to claim 8,
wherein each the plurality of memory cells further comprises
a third msulating layer over the second insulating layer and
the fourth conductive layer, and a fifth conductive layer over
the third insulating layer,

wherein the fifth conductive layer 1s electrically connected
to the first layer through a first opeming penetrating the
first to third insulating layers, and 1s electrically con-
nected to the third conductive layer through a second
opening penetrating the second and third 1msulating lay-
Crs.

15. A semiconductor device comprising:

a plurality of memory cells arranged 1n I rows (I 1s a natural
number of 2 or more) and J columns (J 1s a natural
number), each the plurality of memory cells comprising:
a first transistor;

a second transistor;

a first layer serving as a channel formation layer of the
second transistor;

a second layer formed using the same material and at the
same time as the first layer, wherein the second layer
1s apart from the first layer and serves as a first gate of
the first transistor;

a first insulating layer over the first layer and the second
layer;

a first conductive layer overlapping with the first layer
with the first insulating layer provided therebetween;

a semiconductor layer overlapping with the second layer
with the first insulating layer provided therebetween;

a second conductive layer electrically connected to the
semiconductor layer;
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a third conductive layer electrically connected to the first
conductive layer and the semiconductor layer;

a second 1nsulating layer over the semiconductor layer,
the second conductive layer, and the third conductive
layer; and

a fourth conductive layer overlapping with the semicon-
ductor layer with the second 1nsulating layer provided
therebetween, the fourth conductive layer serving as a
second gate of the first transistor,

wherein the first insulating layer serves as a gate 1nsu-
lating layer of the second transistor 1n each the plu-
rality of memory cells, and

wherein the first conductive layer 1s provided between
the first insulating layer and the third conductive
layer.

16. The semiconductor device according to claim 185,
wherein the first layer and the second layer contain silicon and
the semiconductor layer 1s an oxide semiconductor layer.

17. The semiconductor device according to claim 135,
wherein in the memory cells arranged 1n the same column, the
second conductive layer of a first memory cell in a k-th row (k
1s a natural number of 2 or more and I or less) 1s electrically
connected to the semiconductor layer of a second memory
cell in a (k-1)th row.

18. The semiconductor device according to claim 185,
wherein the second layer contains an impurity element
imparting conductivity.

19. The semiconductor device according to claim 18,
wherein the first layer includes a pair of impurity regions
containing the impurity element.

20. The semiconductor device according to claim 15,
wherein the semiconductor layer 1s formed using a material
different from the material of the first layer, and wherein the
semiconductor layer serves as a channel formation layer of
the first transistor.

21. The semiconductor device according to claim 15,
wherein the third conductive layer 1s 1n contact with the first
conductive layer.
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